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PREFACE* 

Alan  Berman 
Director  of  Research 
Naval  Research  Laboratory 

As  Director  of  Research  at  NRL. I seem  to  spend  a great 
deal  of  my  time  either  welcoming  people  to  symposia  or 
attending  studies  relative  to  the  future  of  the  Navy.  The 
U.  S.  Navy  seems  to  be  going  through  an  identity  crisis  in 
the  attempt  to  discover  how  the  future  Navy  should  be 
configured.  I have  recently  come  back  from  a study  which 
was  given  some  guide  lines  which  went  roughly  as  follows: 

Given  the  ensemble  of  military  and  political  events 
on  a worldwide  basis  which  might  involve  the  Navy  during 
the  next  twenty-five  years,  and  given  the  ensemble  of 
technological  advances  which  might  take  place  in  the  next 
twenty-five  years,  how  should  we  configure  the  Navy  for 
the  year  2000?  Questions  of  this  sort  are  probably 
unanswerable.  When  one  attempts  to  resolve  them,  two 
overwhelming  factors  inevitably  come  out.  One  is  that 
there  is  no  way  in  which  a future  Navy  can  survive  without 
performing  all  of  the  functions  that  are  now  subsumed 
under  the  title  of  Tactical  Air.  Currently,  Tactical 
Airpower  is  provided  to  the  Navy  largely  by  carrier-based 
aircraft.  On  the  other  hand,  all  studies  indicate  that 
there  is  an  ever  growing  problem  with  aircraft  carriers 
in  the  future.  Neglecting  questions  of  possible  vulnera- 
bility, carriers,  their  aircraft  and  accompanying  support 
ships  are  extremely  expensive.  A carrier  and  its 
auxiliary  support  costs  about  4 billion  dollars.  For  the 
United  States  to  have  as  many  as  12  active  carrier  groups 
will  cost  50  billion  dollars. 

It  is  clear  that  the  Nation  cannot  afford  many 
additional  carrier  task  groups  and  even  if  carriers  could 
be  protected  from  hostile  action  other  approaches  must  be 
discovered.  There  is  a going  perception  that  two 
alternatives  exist  to  perform  the  functions  currently 
assigned  to  carrier-based  tactical  aircraft.  One  is  the 
development  of  V/STOL  aircraft.  The  other  is  the  develop- 
ment of  very  long  endurance  - long  range  aircraft. 

Between  them  they  could  in  principle  perform  the  functions 
of  attack  air,  ASW,  AEW,  Electronic  Support,  etc. 

* Opening  remarks  at  the  First  Annual  Review  on  High 

Performance  Composites  and  Adhesives  for  V/STOL  Aircraft, 
Naval  Research  Laboratory,  Washington,  D.  C. , Septembers, 
1976. 
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Both  V/STOL  and  long  range  aircraft  suffer  from  the 
fact  that  they  are  weight-limited  systems.  The  endurance 
of  an  aircraft  is  typically  a function  of  just  three 
things:  the  lift-drag  ratio,  the  thrust  of  the  engines  and 
the  logarithm  of  the  ratio  of  the  take-off  weight  and  the 
landing  weight.  The  lighter  one  can  make  the  empty  air- 
frame of  an  aircraft,  the  better  the  performance  will  be. 
Indeed,  as  one  reduces  the  weight  of  an  aircraft,  its 
range  or  its  endurance  increases  exponentially.  We  at 
NRL  believe  that  a major  opportunity  exists  to  affect 
the  future  of  the  U.  S.  Navy.  We  recognize  that  there  is 
a major  need  for  weight  reduction  in  the  structural  com- 
ponents of  V/STOL  aircraft  to  compensate  for  the  increased 
weight  of  the  propulsion  system.  The  severe  limitations 
in  payload  and  range  resulting  from  the  high  power  demands 
of  the  V/STOL  can  be  restored  by  a 30%  reduction  in  V/STOL 
structural  weight. 

The  replacement  of  metal  structures  with  fiber- 
reinforced  composites  and  the  use  of  adhesive  bonding 
techniques  can,  in  principle,  achieve  the  necessary  weight 
savings.  Unfortunately,  present  day  composites  and 
adhesives,  which  have  a 250-300°F  maximum  service  tempera- 
ture limit,  are  inadequate  for  the  underbody  of  the  V/STOL, 
which  may  experience  transient  skin  temperatures  in  the 
400-600°F  range  from  heat  reflected  during  take-off  and 
landing.  In  addition  to  the  service  temperature  ceiling, 
other  major  problem  areas  of  high  performance  polymers 
which  require  attention  are  their  brittleness,  their 
behavior  in  the  presence  of  moisture,  and  their  engineering 
reliability. 

The  purpose  of  our  program  is  to  carry  to  the  point 
of  production  readiness  one  or  more  high-strength  adhesive 
and  graphite-fiber  reinforced  composite  systems  with  a 
temperature  capability  in  excess  of  450°F  for  V/STOL 
applications. 

Our  work  will  involve  the  selection  and  pilot-plant 
synthesis  of  commercial  or  in-house  resin  systems  which 
offer  promise  of  meeting  the  V/STOL  temperature  require- 
ments. We  will  undertake  composition  analysis,  adhesive 
formulation  and  testing,  and  graphite-reinforced  composites 
fabrication  and  testing.  In  addition,  we  want  to  develop 
characterization  procedures  that  are  suitable  for  pro- 
curement and  for  the  quality  control  of  composite  and 
adhesive  materials  in  production.  We  want  to  establish 
failure  criteria  for  these  materials  using  an  automated 
(computer)  process.  Finally,  we  hope  to  incorporate  all 
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data  in  an  automated  closed-loop  system  for  both  materials 
and  structural  design  optimization. 

Hopefully,  the  operation  of  the  process  will  be 
demonstrated  by  the  design  and  construction  of  one  or  more 
simple  V/STOL  structural  elements. 

The  effort  that  faces  us  must  clearly  be  a community 
effort.  It  will  involve  major  industrial  participation, 
it  will  involve  personnel  from  many  in-house  laboratories, 
it  will  involve  aircraft  structure  people,  and  it  will 
involve  chemists,  chemical  engineers  and  aerodynamicists. 

I believe  that  it  is  an  interesting,  challenging  program. 
If  we  are  successful,  this  program  will  have  a very  high 
payoff  for  the  Navy.  I am  sure  you  will  find  today's 
presentations  interesting  and  provocative. 

I note  on  the  cover  of  your  program  that  this  meeting 
is  entitled  "The  First  Annual  Review  on  High  Performance 
Composites  and  Adhesives  for  V/STOL  Aircraft".  Being  the 
first  annual  meeting  provokes  an  image  of  a second  annual, 
a third  annual  and  a fourth  annual  meeting,  and  so  on 
into  the  distant  future.  I have  an  image  of  all  of  you 
growing  old  together  and  developing  an  adhesives  and 
composites  "marching  and  chowder  society”.  I really  hope 
that  you  won't  do  that.  I hope  that  by  the  time  the  third 
or  fourth  annual  review  comes  around,  the  problems  will  be 
solved.  Indeed  the  problems  are  much  too  important  for 
you  to  let  them  go  unresolved  for  more  than  a few  more 
years.  Good  luck! 


HIGH  PERFORMANCE  COMPOSITES 
AND  ADHESIVES  FOR  V/STOL  AIRCRAFT 

First  Annual  Report 

INTRODUCTION 

This  Nation's  limited  capacity  to  deploy  large  aircraft  carriers 
and  their  increasing  vulnerability  to  enemy  countermeasures  (sea/sea 
and  air/sea  ballistic  missiles  and  torpedoes)  suggests  that  the 
future  Navy  must  rely  on  a larger  fleet  of  smaller,  less  costly 
carriers  or  other  ships  capable  of  deploying  combat  aircraft.  The 
ability  to  do  this  effectively  depends  on  the  development  of  V/STOL 
aircraft  having  the  combat  effectiveness,  range  and  payload  of 
conventional  carrier  aircraft. 

Today's  military  and  civilian  aircraft  are  making  use  of  fiber- 
reinforced  composite  materials  as  a substitute  for  metals  both 
because  of  the  weight  savings  and  the  cost  effectiveness  of  these  new 
structural  materials.  This  weight  savings  is  even  more  critical  to 
the  successful  development  and  deployment  of  V/STOL  aircraft  to 
compensate  for  the  larger  and  heavier  turbine  engine  required. 

The  program  described  in  this  report  is  designed  to  provide 
the  performance  and  design  data  on  graphite  fiber-reinforced 
composite  materials  and  on  improved  adhesives  needed  for  their  optimum 
use  as  structural  materials  for  Navy  V/STOL  aircraft.  Basically,  the 
requirements  are  for  materials  that  will  operate  in  a higher  tempera- 
ture regime  than  state-of-the-art  composites  and  will  resist 
degradation  by  the  marine  environment. 

An  integrated  approach  is  used  in  this  program  to  bring  into 
play  the  key  elements  of  materials  properties,  f abricability  and 
processability,  quality  control  and  design  optimization.  Interaction 
between  these  elements  provides  feedback  for  resin  modifications 
leading  to  improved  materials  for  adhesives  and  as  the  matrix  for 
fiber-reinforced  composites. 

The  major  program  tasks  and  their  responsibilities  are: 

Resin  Synthesis  - Make  chemical  modifications  to 
phthalocyanine  resins  to  provide  optimum  thermomechanical 
properties;  develop  commercial  source  of  promising 
materials. 

Thermomechanical  Characterization  - Evaluate  behavior  of 
commercial  and  experimental  resins  under  mechanical  and 
thermal  stress;  provide  feedback  on  structure/property 
relationships. 


Note:  Manuscript  submitted  December  10,  1976. 
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SUMMARY 


This  report  covers  the  progress  and  accomplishments  of  the  major 
tasks  of  this  Program  from  July  1975  through  September  1976.  The 
essential  results  and  plans  are  outlined  in  this  section  with  separate, 
detailed  accounts  given  in  the  individual  Task  Reports. 

Resin  Synthesis 

A number  of  resins  have  been  synthesized  which  can  be  cross- 
linked  through  the  reaction  of  aromatic  orthodinitrile  groups  to 
produce  polymers  containing  the  thermally  stable  phthalocyanine  group. 
The  modulus,  toughness  and  Tg  of  the  polymers  can  be  controlled 
through  structural  modification  of  the  basic  resin  system.  The 
polymer  based  on  the  C-10  diamide  resin  has  mechanical  properties 
equivalent  to  conventional  epoxies  and  comparable  fabricability,  but 
with  much  greater  thermal  stability  and  higher  Tg.  A commercial 
source  for  these  resins  has  been  developed. 

Current  work  is  being  directed  toward  the  synthesis  of  resins 
which  will  provide  the  optimum  in  mechanical  performance  without 
sacrificing  the  ease  of  processability  and  the  resistance  to 
degradation  by  heat  or  moisture  shown  by  the  C-10  phthalocyanine 
material. 

Thermomechanical  Characterization 


Several  polyphthalocyanine  resins  have  been  evaluated  for 
modulus  and  fracture  energy  and  it  has  been  shown  that  the  properties 
of  these  resins  are  capable  of  three-fold  variation  by  deliberate, 
changes  in  molecular  structure.  However,  an  increase  in  one 
property  usually  occurs  at  some  sacrifice  in  the  other.  Tests  of 
commercial  resins  indicate  that  all  have  similar  moduli  and  toughness 
despite  major  differences  in  chemical  structure.  Thermal  soak  tests 
(up  to  480  hrs  at  288°C)  of  the  ClQ-polyphthalocyanine  and  Hexcel 
F-178  produced  considerable  advancement  of  the  resin  cure  accompanied 
by  increased  modulus  and  qualitative  evidence  of  loss  in  fracture 
toughness. 

An  exploratory  study  of  the  effect  of  a low  modulus,  elastomeric 
interlayer  on  graphite  fibers  to  enhance  composite  toughness  indicates 
that  the  effects  are  too  marginal  to  permit  judgement  to  be  made  on 
the  viability  of  the  concept. 

Measurements  of  the  modulus  and  fracture  toughness  of  a variety 
of  commercial  and  in-house  resins  will  be  continued  with  in-depth 
evaluation  of  the  more  promising  candidates.  This  effort  will 
include  the  effect  of  absorbed  water  on  the  resin  Tg  and  modulus. 

Work  will  begin  on  the  formulation  of  high  toughness  (high  peel 
strength)  adhesives  for  use  at  232°C  (450°F) . 


Chemical  Characterization 


Various  chemical  separation  and  spectroscopy  techniques  have 
been  used  to  analyze  and  characterize  resins  of  interest  to  this 
Program.  The  baseline  resin,  Narmco  5208,  and  two  polyimide  resins, 
Hexcel  F-178  and  Kerimid  601,  have  been  successfully  analyzed  for 
their  principal  and  minor  components.  The  proposed  structure  of  the 
diamide  precursor  of  the  Cig-polyphthalocyanines  has  been  confirmed. 

Nuclear  magnetic  resonance  spectra  of  a number  of  epoxy  resin 
systems  and  components  have  been  obtained  and  are  included  in  a 
catalog  now  being  prepared  for  publication. 

Analyses  of  candidate  resins  and  adhesives  are  continuing  and 
will  include  measurements  of  resin  aging  in  composites  prepreg 
materials. 

Radiation  Curing 


A vinyl-terminated  bisphenol  A (epoxy-like)  polymer  has  been 
formulated  with  reactive  monomers  to  give  resins  curable  by  ionizing 
radiation  and  which  have  good  strength  retention  to  150°C.  A 
radiation-curable  resin  formulation  with  strength  retention  above 
200  C has  been  developed  based  on  the  polyimide  Hexcel  F-178  and 
N-vinyl-2-pyrrolidone.  These  and  similar  resin  systems  will  be 
optimized  for  cure  conditions,  ultimate  mechanical  and  thermal 
properties,  and  use  as  matrix  resins  in  graphite  fiber  composites. 

Composites  Fabrication 

Fabrication  procedures  for  T-300/5208  composites  have  been 
optimized  and  16-ply  laminates  prepared  with  [+15°J  to  quasi-isotropic 
fiber  orientations.  The  high  quality  of  these  laminates  was 
established  by  determining  void  content,  elastic  mechanical 
properties  and  fiber  orientation.  Fabrication  procedures  are  being 
established  for  T-300  composites  with  C -polyphthalocyanine  and 
Hexcel  F-178. 

Design  Optimization 

A computer  controlled  in-plane  loader  has  been  used  to  obtain 
failure  criteria  for  T-300/5208  composites  as  a function  of  fiber 
angle.  It  has  been  demonstrated  that  failure  under  combined  loads 
is  uniquely  defined  by  an  abrupt  rise  in  the  dissipative  energy 
with  increasing  displacement.  The  data  define  smooth  failure 
surfaces  in  three-dimensional  space  (tension,  shear  and  bending) 
for  each  fiber  orientation.  The  three-dimensional  results  have  been 
analytically  recast  into  a two-parameter  form  by  J-integral  analysis. 
Plots  of  the  tensile  (J  ) vs  shear  (J  ) J-integrals  give  straight 
lines  characteristic  for  each  fiber  aXgle.  Similar  in-plane  load 
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tests  of  adhesive/aluminum  specimens  give  a failure  surface  in  three 
dimensional  deformation  space  which  reveals  a strong  dependence  of 
flaw  growth  resistance  on  the  combination  of  loading  modes. 
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Future  work  will  include  a broader  range  of  in-plane  loads  for 
both  composites  and  adhesive  bonds,  evaluation  of  composites  of  T-300 
graphite  with  other  resin  matrices  and  testing  at  elevated  temperatures. 
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TASK  A. 


RESIN  SYNTi.  ^SIS 


J.  R.  Griffith  and  J.  G.  O'Rear 
Organic  Chemistry  Branch 
Chemistry  Division 

INTRODUCTION 


In  recent  publications  (1,2, 3,4)  we  have  reported  a 
resin  system  in  which  polymerization  is  made  to  occur 
through  aromatic  orthodinitrile  groups.  Evidence  indicates 
that  the  process  involves  the  formation  of  the  highly 
stable  phthalocyanine  nucleus.  The  resin  monomers  are 
synthesized  from  4-aminophthalonitrile  and  aliphatic  diacid 
chlorides  to  give  diamides  of  the  following  structure: 


NC-^ 

NC-L 


- NHCO  — (CH0-)— 
v 2'n 


CONH-.^X 

o 


-CN 

-CN 


Polymerization  proceeds  through  a "B"  stage  and  the 
cure  (at  about  200°C)  to  give  intensely  green  resins  which 
solidify,  gel  and  develop  strength.  The  result  is  a net- 
work of  stable  phthalocyanine  nuclei  crosslinked  through 
aliphatic  diamide  linkages.  Polymerization  of  the  resin 
monomers ‘can  be  enhanced  by  the  presence  of  selected 
metallic  powders,  although  a metal  is  not  required  for 
cure.  The  polymerization  can  be  represented  as  shown  in 
Table  I. 


Our  previous  Progress  Report  (5)  covered  the  synthesis 
of  five  phthalonitrile  resin  monomers  which  were  designed 
to  give  large  variations  in  the  length  of  the  connecting 
diamide  moiety.  Their  structures  are: 
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NC-f^  H-NHCO-CH2CHCH2CH2-CONR^  -CN 

ch3  sJ'-cn 


and 


NC-f^  ,r- NHCO-(CH_)  -CONH-^J^-CN 


n ^V-CN 

where  n = 7,  8,  11  and  20 
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Table  I 
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ss  Cu  phthalocyanine  nucleus 
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Nomenclature  of  the  five  N, N ' -bis( 3 , 4-dicyanophenyl ) 
alkane  diamides  is  cumbersome.  Abbreviated  names  have  been 
adopted  to  identify  these  compounds.  The  respective 
examples  illustrate  the  abbreviations:  Me-Cfi  Diamide, 

Cg  Diamide,  C1Q  Diamide,  C13  Diamide  and  C22  Diamide. 

Diamide  formation  was  accomplished  by  a modification 
of  the  Schotten-Bauman  reaction  (3): 


2 


+ ClC0(CHo ) C0C1 
^ n 


NC  -f^-NHCO-  ( CH  )—  CONH. 
NC-S>  ^ n | 


-CN 

-CN 


The  required  4-aminophthalonitrile  was  prepared  initially 
in  1 lb.  quantities  by  methods  developed  at  NRL  (2,3) 
using  the  reaction  sequence 


0 

H 


ii 

0 


\ 


NH 


CN 

CN 


The  required  diacid  chlorides  were  synthesized  by  standard 
procedures,  with  the  exception  of  azelaoyl  chloride  and 
sebacyl  chloride,  which  were  purchased  from  Eastman  Kodak 
Co. 


Several  recrystallizations  from  appropriate  solvents 
led  to  the  analytical  monomers  reported  in  Table  II. 

Table  II 


Monomer 

Melting 

Point 

(°C) 

Recrysl. 

Solvent 

Yield 

(%) 

Me-C„  Diamide 
6 

204-206* 

MeOH 

60.1 

Cg  Diamide 

181-183 

MeOH 

63 

C1Q  Diamide 

192-194 

CHgCN 

64.4 

C^3  Diamide 

178-181 

CHgCN 

71 

C22  Diamide 

150-152 

EtOH 

49.4 

*The  Cfi  Diamide  melts  at 
”B"  stage  (2,3) 

320-323°  and  is 

difficult 
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The  present  reporting  period  covers  progress  made  in 
the  scaled-up  production  of  the  C-0  Diamide,  the 
preparation  of  certain  "B"  staged1phthalocyanine  resins 
derived  from  mixtures  of  the  C.-  and  C2„  Diamides,  and 
the  mixed  Dianil-Diamide  resinsuof  improved  high  temperature 
properties. 

Analytically  Pure  C^q  Diamide 

In  our  work  last  year,  the  C,Q  Diamide  was  considered 
the  resin  monomer  of  greatest  overall  promise.  This 
preference  was  based  on  considerations  such  as  modulus, 
cure  versatility,  cost  and  ease  of  fabrication  in  com- 
posites. During  that  period  only  analytically  pure  C,q 
Diamide  was  employed  in  this  program.  The  diamide  is  made 
from  4-aminophthalonitrile,  sebacyl  chloride  and  pyridine 
via  a modified  Schotten-Bouman  reaction  (3).  Two 
recrystallizations  from  acetonitrile  are  required  to  obtain 
the  analytically  pure  CL,.  Diamide.  While  the  analytical 
grade  of  C Diamide  canbe  prepared  in  small  laboratory 
quantities.its  preparation  in  multi-pound  quantities 
poses  problems.  Large  quantities  of  flammable,  toxic  and 
expensive  acetonitrile  are  required.  Moreover,  complete 
solvent  removal  is  difficult  to  achieve. 

Practical  Grade  C1Q  Diamide 


Current  work  in  this  task  has  been  aimed  at  simplify- 
ing and  scaling  up  the  production  of  a "practical"  grade 
of  the  C.n  Diamide.  Considerable  effort  has  been  made  to 
accomplisn  the  purification  by  avoiding  the  two 
recrystallization  steps.  Our  efforts  in  this  direction 
have  been  prompted  by  obvious  economic  advantages,  an 
available  supply  (28.6  lbs.)  of  4-aminophthalonitrile 
procured  under  contract  with  Eastman  Kodak  Co. , and  a 
recently  purchased  12-liter  reaction  vessel. 


An  acceptable  quality  of  the  practical  grade  C-0 
Diamide  has  been  achieved.  The  purification  procedure 
uses  an  efficient  water  and  alcohol  wash.  The  latter 
step  requires  contacting  the  dry,  pulverized,  water- 
washed  product  with  boiling  ethyl  alcohol,  chilling  the 
resulting  mixture  to  -5°C,  collecting  and  drying  the 
insoluble  solids.  This  procedure  leads  to  the  practical 
grade  C.Q  Diamide;  mp  188-191°;  78%  yield.  To  date  we 
have  produced  4 lbs  of  the  practical  grade  C.q  Diamide. 
This  quality  of  C,_  Diamide  cures  normally  inuthe  presence 
or  absence  of  metals  and  is  being  evaluated  for  both 


10 


\ 


thermomechanical  properties  and  fiber  reinforcement 
applications. 


’B"  Staged  Phthalocyanine  Resins  for  Toughness  Experiments 


One  synthetic  effort  has  been  aimed  at  improving 
the  toughness  of  the  Zn-C  Q phthalocyanine  polymer. 

This  approach  uses  the  "B^staged  resin  derived  from  the 
C22  Diamide  and  zinc  as  the  toughening  component  for  the 
corresponding  "B"  staged  resin  derived  from  the  C » 
Diamide  and  zinc.  Samples  of  the  mixed  resins  have  been 
submitted  for  evaluation  in  the  Thermomechanical 
Characterization  Task. 


Dianil-Diamide  Resins 


Some  applications  demand  further  stiffening  of  the 
final  cross-linked  phthalocyanine  polymer.  One  approach 
to  this  problem  is  the  copolymerization  of  the  C,Q  Diamide 
with  a dianil-linked  phthalonitrile,  e.g.,  N,N'-fi,4- 
phenylenedimethylidyne)bis-(3 ,4-dicyonoaniline) . The 
latter  compound  has  been  designated  as  p-Dianil.  Methods 
have  been  devised  by  us  for  synthesizing  two  isomeric 
Dianils  (6).  These  Dianils  have  a completely  conjugated 
structure . 


The  preferred  preparative  procedure  is  to  react 
equivalent  molecular  quantities  of  the  appropriate 
aromatic  aldehyde  with  4-aminophthalonitrile  in  refluxing 
toluene,  while  removing  the  water  of  reaction  azeotropi- 
cally.  The  reaction  is  catalyst  dependent,  and  the 
preferred  catalyst  is  p-toluene-sulfonic  acid  (0.01  to 
0.05%  by  wt.).  The  Dianil  precipitates  as  yellow 
crystals  which  can  be  isolated  from  hot  toluene  in  high 
yields  (85-95%).  The  preparative  method  for  the  p-Dianil 
is  shown  schematically: 


0 0 

HC-Z^V-CH  + 2 


H2N- 


”-Q:: 


Toluene 


heat 

Catalyst 


r r ii 

p-Dianil  , ' 
mp  273-275°C  /re 

\ f 


recrysta] lized  \ 
from  acetonitrile) 
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The  isomeric  m-Dianil  is  prepared  similarly  by 
substituting  m-phthalaldehyde  for  p-phthalaldehyde . The 
m-Dianil  can  be  recrystallized  from  a toluene:  pyridine 
mixture  (50:50  vol.  %);  mp  253-257°C. 


In  efforts  to  improve  the  stiffness  of  the  cured 
phthalocyanine  polymer,  we  have  prepared  the  following 
physical  mixtures:  (a)  20.0  g 75  mole  % CL-  Diamide  plus 
25  mole  % p-Dianil,  and  (b)  20.0  g 75  mole1^  C,Q  Diamide 
plus  25  mole  % p-Dianil,  mixed  with  copper  powaer  (1.0 
atom  Cu/2  moles  of  the  combination).  Polymers  derived 
from  the  above  mixtures  are  being  evaluated  for  modulus 
and  toughness  in  the  Thermomechanical  Characterization  Task. 
The  prospect  for  further  improvement  by  this  method  has 
prompted  the  synthesis  of  an  additional  quantity  of  the 
p-Dianil . 


FUTURE  WORK 


It  has  recently  been  brought  to  our  attention  that 
exceptionally  high  thermal  stability  (in  excess  of  45CK>F) 
probably  will  not  be  required  for  most  V/STOL  applications. 
This  gives  considerable  flexibility  to  our  synthesis 
projections,  allowing  us  to  give  more  weight  to  such 
properties  as  processability,  resistance  to  water  effects, 
modulus  (stiffness),  fracture  energy  (toughness)  and 
economics.  For  example,  work  on  the  effect  of  the 
aliphatic  chain  length  on  fracture  energy  and  water 
resistance  is  anticipated. 


Two  chemical  approaches  will  be  tried  for  improving 
the  modulus  of  the  cured  phthalocyanine  polymers: 


(a)  Synthesis  of  additional  Me-Cfi  Diamide  to  be 
cured  either  alone  or  as  a modifier  for  longer  chain 
Diamides. 


(b)  Formulation  of  other  mixtures  of  the  Dianil 
and  C-0  Diamide  to  allow  further  evaluation  of  tne  Dianil 
as  a Stiffening  agent. 


Three  synthetic  efforts  will  be  directed  toward 
improving  the  toughness  of  the  cured  phthalocyanine 
polymers : 


This  structure  is  designed  to  act  as  a chain  stopper  in 
copolymerizations  with  conventional  Diamides.  In  this 
role  it  is  expected  to  reduce  the  degree  of  cross-linking, 
while  entanglement  of  the  long  alkyl  substituent  may 
provide  a mechanism  for  energy  absorption. 

(b)  Synthesis  of  Diamide  monomers  derived  from  Empol 
Dimer  acids  sold  commercially  by  Emergy  Industries,  Inc. 

The  dimer  acids  are  produced  by  ifeb  polymerization  of 
unsaturated  C,g  acids  (e.g.,  lin^reic  acid)  via  the 
Diels-Alder  reaction.  The  pure  dimer  is  a aliphatic 
dibasic  acid.  Essentially  it  is  a long-chainbdicarboxylic 
acid  with  two  or  more  alkyl  side  chains.  These  features 
assure  the  lengthening  of  the  diamide  moiety,  known  to 
improve  toughness,  and  introduce  pendant  alkyl  groups 
capable  of  entanglement  in  the  cured  phthalocyanine  polymer. 

(c)  Synthesis  of  additional  quantities  of  the  C22 
Diamide.  This  will  permit  further  evaluation  of  thez 
fracture-toughening  potential  of  this  material. 

The  delivery  of  34  lbs.  of  C,Q  Diamide  from  Eastman 
Kodak  Co.  is  expected  momentarily.  This  material  should 
assure  a significant  scale-up  in  the  formulation  of 
castings,  composites  and  adhesives. 
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TASK  B.  THERMOMECHANICAL  CHARACTERIZATION 


W.  D.  Bascom,  R.  L.  Cottlngton,  J.  L.  Bltner 
and  J.  Oroshnik 
Surface  Chemistry  Branch 
Chemistry  Division 


INTRODUCTION 

The  mechanical  property  requirements  of  the  matrix  resins  of  com- 
posites for  advanced  V/STOL  aircraft  are  primarily  stiffness  (high 
modulus)  and  toughness  (high  fracture  energy).  It  is  the  purpose  of 
this  task  to  determine  the  effect  of  temperature,  moisture  exposure 
and  heat  soak  on  these  properties  for  a variety  of  candidate  resins. 

The  basis  for  resin  selection  is  that  the  candidate  be  a potential 
matrix  resin  with  use  temperature  to  at  least  350°F  but  preferably 
higher.  Cost,  availability,  potential  fabrication  problems  and  quality 
control  are  not  considered  in  this  task,  although  they  affect  how 
extensively  a resin  is  evaluated. 

Joining  composite  structural  elements,  to  themselves  or  to  metals, 
is  most  effectively  done  by  adhesive  bonding.  At  present  there  are  no 
high  peel  strength  (high  fracture  energy)  structural  adhesives  avail- 
able for  usd  above  350°F.  There  -are  also  design  problems  associated 
with  the  adhesive  bonding  of  composites  in  that  there  is  a need  to 
develop  failure  criteria  both  for  normal  load  bearing  applications  and 
for  stress  corrosion  conditions.  These  problems  are  being  worked  on 
in  this  Task.  Work  on  increasing  the  toughness  of  450°F  resins  by 
incorporating  a dispersed,  elastomeric  (rubber)  phase  to  give  acceptable 
peel  strengths  begins  in  FY  77.  This  effort  will  be  informally  coor- 
dinated with  similar  work  underway  at  DoD  or  industrial  laboratories. 

The  mechanisms  involved  in  obtaining  a dispersed,  elastomeric  phase  in 
the  resin  are  so  complex  that  an  empirical  approach  must  be  taken. 

Adhesive  bond  failure  criteria  are  being  developed  in  cooperation 
with  the  Design  Optimization  Task,  and  initial  results  are  presented 
elsewhere  in  this  report.  It  is  the  responsibility  of  the  Thermo- 
mechanical  Characterization  Task  to  select  adhesive  resins  and  prepare 
specimens  for  fracture  testing  under  in-plane  load  conditions. 

The  high  toughness  that  elastomers  can  impart  to  resins  to  give 
high  adhesive  peel  strength  does  not  translate  into  composite  toughness 
when  the  same  elastomer-resin  composition  is  used  as  the  matrix.  However, 
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there  is  both  theoretical  and  experimental  evidence  that  the  applica- 
tion of  a thin  elastomer  layer  to  the  reinforcing  fiber  can  signifi- 
cantly improve  composite  toughness.  The  magnitude  of  this  effect 
is  being  determined  under  this  Task. 


PROGRESS 


Matrix  Resin  Modulus  and  Toughness 

The  candidate  matrix  resins  are  tested  using  a torsion  pendulum  (1) 
for  shear  modulus  (G)  and  log  decrement  damping  factor  (A) . The  resin 
toughness  is  determined  by  measuring  opening  mode  fracture  energy  (J1^) 
using  a method  in  which  the  resin  is  held  as  an  adhesive  layer  between0 
two  metal  double  cantilever  beams  (2). 


The  G and  values  at  25 °C  for  the  candidate  resins  tested  thus 
far  are  listed  in  Table  I.  As  previously  noted  (3),  the  polyphthalocy- 
anines  offer  a range  of  moduli  and  toughness  depending  on  the  aliphatic 
chain  length.  Note  that  the  C10-polyphthalocyanine  cured  without  a 
metal  catalyst  had  essentially  the  same  properties  as  the  Zn-cured 
C^-polymer.  The  slightly  higher  values  for  the  latter  could  be  due  to 
a stiffening  and  toughening  action  of  the  unreacted  Zn  metal  particles. 


It  should  be  noted  that  the  resins  listed  in  Table  I have  been 
cured  to  different  extents  and  that  this  will  affect  the  magnitude  (but 
not  the  direction)  of  their  different  properties.  To  aid  in  making 
comparisons  and  for  later  discussion  the  various  cure  conditions  are 
listed  in  Table  II.  The  property  most  influenced  by  the  cure  is  the 
glass  transition  temperature  (Tg)  and  some  of  the  resins  in  Table  I 
were  incompletely  cured.  In  these  instances  the  Tg  is  followed  by 
(i)  to  indicate  incomplete  cure. 

Fracture  energy  values  for  the  Hexcel  F-178  polyimide  resin  could 
not  be  obtained  using  the  double  cantilever  beam  specimen.  Large  voids 
were  produced  in  the  resin  layer  because  of  volatilization  of  the  reac- 
tive diluent  (triallylisocyanurate)  during  the  heat  cure.  The 
value  for  this  resin  will  be  determined  by  casting  the  resin  as  compact 
tension  specimens  (see  below) . 

Shear  modulus  vs  temperature  (T)  curves  are  given  in  Figure  1 for 
three  polyphthalocyanlnes , Narmco-5208  (the  reference  matrix  resin) 
and  Hexcel  F-178.  These  results  differ  somewhat  from  those  presented 
in  an  earlier  report  (3).  It  was  found  that  the  torsion  pendulum 
specimens  had  been  too  thick,  much  greater  than  the  requisite  0.03  to 
0.04  in.  thickness  for  stiff  materials  (4).  The  principal  effect  of 
the  reduction  in  specimen  thickness  was  to  Increase  G values  below  25°C. 

The  polyphthalocyanine  data  in  Figure  1 illustrate  the  range  in 
modulus  available  through  a change  in  aliphatic  chain  length.  The 
C^Q-polyphthalocyanine,  the  Narmco  5208,  the  F-178  polyimide  and,  in 
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fact,  all  of  the  commercial  resins  listed  In  Table  I fall  within  a 
relatively  narrow  G vs  T range  bracketed  by  the  and  MeC^-poly- 

phthalocyanines. 

A study  is  underway  to  increase  the  modulus  of  the  C^Q-poly- 
phthalocyanine  resin  without  any  sacrifice  in  fracture  energy. 

Accordingly,  a dianil-based  phthalocyanine  was  synthesized  (Task 
Report  A)  in  which  the  dianil  structure  replaces  a portion  of  the 
straight  chain  segment  of  the  aliphatic-based  polyphthalocyanines. 

The  rigidity  of  the  dianil  moiety  should  markedly  enhance  the  resin 
modulus.  A mixture  of  75  mole  % C^Q-diamide  and  25%-dianil  phthalo- 
cyanine was  cured  (without  metal)  and  tested  for  shear  modulus.  As 
indicated  in  Table  I,  a 30%  increase  in  modulus  at  25 °C  was  achieved 
over  the  C^Q-polythalocyanine  alone.  The  G vs  T torsion  pendulum 
results  showed  that  this  improvement  in  modulus  was  never  less  than 
20%  (below  25°C)  and  increasing  to  as  much  as  75%  at  250°C.  It  remains 
to  be  determined  what  effect  the  p-dianil  additive  has  on  fracture 
energy. 

The  effect  of  heat  soaking  at  288°C  (550°F)  on  the  modulus  and  loss 
decrement  of  the  C^-Zn  cured  polyphthalocyanine  is  shown  in  Figures  2 
and  3.  There  is  an  increase  in  modulus  with  exposure  indicating  a 
gradual  advancement  of  the  cure.  The  maximum  Tg  (^  375°C)  was  essentially 
reached  after  24  hr  with  some  overall  increase  in  modulus  with  further 
heat  soaking.  This  thermal  treatment  was  embrittling  the  resin  as 
evidenced  by  micro-crack  formation.  Samples  soaked  for  longer  than 
250  hr  were  too  brittle  to  test. 

The  damping  factor  results  for  the  288°C  heat  soak  of  the  C..-- 
resin  are  given  in  Figure  3.  The  low  temperature  peak  at  about  -I50°C 
is  attributed  to  the  aliphatic  chain.  The  peak  at  -50  to  -75°C  is 
presumably  due  to  ice  on  the  specimen  and  possibly  absorbed  water 
picked  up  from  the  N„  gas  used  for  purging  the  test  chamber.  The  peak 
at  200°C  for  the  initial  sample  is  a quasi-glass  transition  tempera- 
ture appearing  well  below  the  ultimate  Tg  this  polymer  attains,  i.e. 

^ 360°C.  The  low  temperature  of  this  peak  suggests  the  molecular  net- 
work is  poorly  consolidated  and  under  cured.  The  heat  soak  caused 
this  peak  to  be  shifted  to  above  350°C.  There  is  also  a change  in  the 
aliphatic  damping  peak  (-150°C)  with  the  thermal  treatment.  After 
120hr  and  240hr  a double  peak  develops  and  is  probably  due  to  thermal 
decomposition  of  the  C^-aliphatic  chain. 

A similar  thermal  treatment  of  the  Hexcel  F-178  polyimide  was 
conducted,  and  the  G vs  T and  A vs  T results  are  presented  in  Figures  4 
and  5.  The  modulus  curve  indicates  that  the  ultimate  Tg  of  'v  3506C  is 
essentially  reached  after  24hr  at  288°C.  A general  increase  in  modulus 
occurred  up  to  120hr,  but  with  little  change  thereafter  (up  to  48Qhr) ; 
however,  the  240hr  and  480hr  specimens  suffered  notable  shrinkage  and 
micro-cracking.  The  damping  factor  vs  temperature  results  for  the 
F-17S  polyimide  are  given  in  Figure  5.  The  polymer  structural  units 
responsible  for  the  various  peaks  have  not  been  identified  (except  for 
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the  ice  peak  at  -50  to  -75°C).  The  most  that  can  be  said  is  that  the 
cure  is  gradually  advanced  to  a constant  Tg  of  ^ 350°C.  The  low 
magnitude  of  the  log  decrement  in  this  region  for  the  120hr  and  240hr 
specimens  (also  for  the  480hr  data  not  included  here)  indicates  that 
the  material  has  a very  high  crosslink  density  and  is  incapable  of 
significant  mechanical  damping  even  above  Tg. 

The  Narmco-5208  resin  could  not  withstand  more  than  8hr  at  the 
288°C  heat  soak  temperature.  This  resin  is  an  epoxy  polymer  and  is  not 
expected  to  have  useful  service  life  above  177°C  (350°F).  The  torsion 
pendulum  results  in  Figure  6 indicate  a severe  loss  in  modulus  and  a 
decrease  in  Tg  even  after  only  8hr  at  288°C  (550°F).  In  these  tests  it 
was  noted  that  if  the  specimens  were  cooled  from  288°C  by  removing  from 
the  hot  oven  into  a room  temperature  ('v  25°C)  receptacle  (quenched 
specimen),  the  decrease  in  modulus  was  greater  than  if  they  were  brought 
to  25°C  in  a slowly  (24hr)  cooled  oven  (annealed  specimen).  This  effect 
is  due  to  extra  free  volume  (Internal  enthalpy)  in  the  rapidly  cooled 
material  (5,6).  A similar  effect  would  be  expected  to  occur  in  rapid 
heating  and  cooling  (thermal  spike)  of  resin  matrix  composites  and 
should  be  considered  in  studying  thermal  spike  effects  in  the  presence 
of  water. 

% 

These  thermal  soak  results  do  not  of  themselves  gauge  the  thermal 
degradation  of  the  resins.  The  increase  in  modulus  indicates  progressive 
crosslinking  but  not  degradation.  The  only  evidence  of  degradation  was 
the  change  in  the  aliphatic  peak  of  the  C^Q-polyphthalocyanine.  The 
decline  in  modulus  of  the  Narmco-5208  occurred  under  conditions  excess- 
ively severe  for  this  resin.  For  the  results  to  be  meaningful,  thermal 
aging  should  be  done  at  about  50°C  above  the  expected  use  temperature. 

Nevertheless,  there  was  certainly  qualitative  evidence  of  degrada- 
tion in  the  embrittlement  and  shrinkage  of  the  polyphthalocyanine  and 
polyimide  specimens.  An  effort  will  be  made  to  establish  quantitative- 
ly whether  embrittlement  is  occurring  by  fracture  testing  heat-soaked 
specimens.  Certainly,  the  progressive  advance  of  the  cure  evident 
from  the  torsion  pendulum  results  would  lead  to  less  capacity  for 
yielding  and  hence  lower  fracture  energy.  This  advancing  cure  probably 
offsets  (in  terms  of  modulus)  thermal  degradation.  Indeed,  these 
competing  processes,  crosslinking  vs  degradation,  probably  account  for 
some  of  the  thermal  stability  of  high  temperature  resins,  especially 
since  the  initial  resins  are  considerably  undercured. 

The  fracture  energy  (i>  ) vs  temperature  results  for  the  Zn-cured 
C.  ..-polyphthalocyanine  and  tfie  Narmco-5208  are  given  in  Figure  7.  As 
noted  previously  (3),  the  rise  in  fracture  energy  with  decrease  in 
temperature  for  the  polyphthalocyanine  and  the  maximum  for  the  Narmco- 
5208  at  'v-  100°C  are  probably  related  to  damping  peaks  in  the  log  decre- 
ment curves.  However,  such  associations  must  be  considered  tentative. 
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The  data  in  Figure  7 were  obtained  using  tapered  double  cantilever 
beam  specimens  in  which  the  resin  is  held  as  a bonding  layer  between 
metal  beams.  As  long  as  failure  is  center-of-bond  through  the  resin 
layer  the  test  gives  a good  measure  of  the  resin  fracture  energy. 

This  condition  was  met  using  aluminum  beams,  and  these  data  correspond 
to  the  filled  symbols  in  Figure  7.  An  attempt  was  made  to  use  titanium 
beams  in  order  to  test  at  temperatures  above  which  aluminum  could  not  be 
used.  However,  failure  of  the  titanium  specimens  was  consistently  along 
the  resin/metal  boundary.  The  titanium  specimen  data  are  represented 
by  the  open  symbols  in  Figure  9 and  are  consistently  lower  than  the 
aluminum  specimen  data.  Evidently,  the  acid-phosphate  etch  used  to 
clean  the  titanium  was  insufficient  to  overcome  the  normally  poor 
bondability  of  titanium. 

The  s^eep  rise  in  & for  the  Narmco  5208  is  expected  for  the 
temperature  region  at  200CC  near  the  resin  Tg.  The  data  were  obtained 

using  titanium  beams,  and  so  the  actual  rise  in  ^ may  be  even 

steeper. 

These  problems  with  titanium,  the  difficulties  in  obtaining  fracture 
data  for  the  Hexcel  F-178  and  other  problems  dictate  against  the  con- 
tinued use  of  metal  cantilever  beam  specimens  for  testing.  In 
future  work,  plates  or  discs  of  neat  resin  will  be  cast  or  cut  into 
compact  tension  specimens  (or  other  geometry)  for  bulk  fracture  testing. 
The  principal  advantage  of  the  metal  cantilever  beam  method  was  that 
it  is  conservative  on  the  amount  of  resin  required.  However,  at  this 

stage  of  the  program,  the  resins  of  interest  are  available  in  sufficient 

quantity  for  bulk  testing. 

Elastomeric  Interlayer  for  Improved  Composite  Toughness 

The  purpose  of  this  subtask  is  to  examine  the  concept  of 
increasing  the  fracture  resistance  of  resin-matrix  composites  by 
applying  an  elastomeric  interlayer  between  resin  and  fiber.  Bench- 
scale  winding  equipment  has  been  constructed,  and  a schematic  is  given 
in  Figure  8.  Presently,  NOL  rings  are  being  fabricated  using  diglycidyl- 
ether  bisphenol  A epoxy  resin  (DER  332)  and  hexahydrophthalic  anhydride 
(HHPA)  with  benzyldimethylamine  (BDMA)  catalyst.  Resin  impregnation  is 
done  using  a "vacuum  release"  technique  (7)  to  obtain  void-free  compos- 
ites. The  NOL  rings  are  cut  into  segments  for  interlaminar  shear  (ILS) 
testing  (8),  and  for  a three-point-load  fracture  testing.  The  latter 
involves  a machined  V-notch  in  the  center  of  the  concave  side  of  an  ILS 
specimen  and  loading  in  three-point  bending  to  failure  at  the  notch  tip. 

A preliminary  study  has  been  completed  in  which  an  Adiprene  urethane 
elastomer  (duPont  L100)  was  applied  from  acetone  solution  to  heat 
cleaned  T-300  graphite  (Union  Carbide  30%,  no  twist)  with  BDMA  as  cata- 
lyst. The  solution  concentration  was  varied  to  give  different  (but 
unknown)  coating  thicknesses.  Inspection  by  light  microscopy  and  SEM 
indicate  the  coating  (from  solutions  of  < 0.5  wt  %)  to  be  uniform  with 
little  welding  of  filaments.  The  treated  yarn  was  then  fabricated  into 
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NOL  ring  anhydride-epoxy  resin  composites,  as  described  above  and  in 
reference  7. 

The  ILS  results  are  given  in  Figure  9.  There  are  two  important 
points  to  be  made.  First,  the  heat  cleaning  of  the  T-300  yam  very 
seriously  damaged  the  fibers  as  far  as  interlaminar  shear  strength  (ILSS) 
is  concerned.  (Compare  the  filled  points  in  Figure  9.)  Part  of  this 
degradation  may  have  been  due  to  oxidation  since  air  was  not  excluded 
from  the  heating  column.  Secondly,  the  effect  of  the  coating  was  to 
restore  the  ILSS  to  that  of  the  as-received  fiber.  At  this  point,  it 
is  problematical  whether  the  effect  of  the  coating  was  simply  to 
replace  the  original  finish  (a  B-staged  epoxy  resin)  removed  during  heat 
cleaning  or  whether  the  urethane  coating  has  an  effect  of  its  own  which, 
superimposed  on  the  epoxy  finish,  would  enhance  the  ILSS  of  the  as- 
received  fiber  composite. 

The  notched  ring  segment  test  results  are  presented  in  Figure  10. 

As  with  the  ILSS  results,  the  effect  of  the  urethane  coating  was  a 
maximum  in  the  notched  specimen  strength  for  treatment  from  a 0.1  - 
0.3  wt  % solution.  In  this  test,  the  heat  cleaning  did  not  degrade 
the  notch  strength  as  much  as  in  the  ILS  test.  The  low  values  at  con- 
centration > 0.5  wt  % in  both  Figures  11  and  12  are  probably  due 
to  the  coati  .g  bonding  filaments  together  and  preventing  good  resin 
penetration  into  the  yarn.  The  urethane  treatment  at  the  optimum 
solution  concentration  gave  a significant  improvement  (20%)  over  the 
heat-cleaned  and  over  the  as-received  fiber  specimens.  Assuming  that 
this  test  is  actually  measuring  composite  fracture  toughness,  this 
strength  improvement  translates  into  a toughness  improvement  of  about 
44%  (^  = f(load)  ).  The  failure  mode  was  not  always  crack  initiation 
from  tfie  notch  tip  but  inter-laminar  shear  failure  away  from  the  tip. 
Possibly,  the  data  in  Figures  9 and  10  are  measuring  the  same  failure 
mode. 

Mixed-Mode  Adhesive  Fracture 

It  has  been  observed  (3)  that  in  scarf-joint  adhesive  fracture 
tests  there  is  a strong  dependence  of  fracture  energy  (mixed-mode 
strain  energy  release  rate,  . 4> ) OI'  bond  angle  (<J>)  with  a maxi- 

mum at  <p  = 45°.  It  was  thought ’that  this  stress  angle  dependence 
might  translate  into  the  flaw  growth  in  composites  with  different  fiber 
or  ply  orientation.  However,  recent  work  has  established  that  the 
scarf  angle  dependence  is  due  to  differences  in  the  interaction  of 
crack  propagation  with  adherend  surface  roughness.  Although  this  effect 
may  play  a small  role  in  composite  fracture,  it  is  probably  a second 
or  third-order  effect.  Indeed,  the  results  presented  in  Task  Report  F 
(Figure  9)  indicate  a linear  increase  in  fracture  energy  (J)  with  ply 
angle  and  no  evidence  of  a maximum  at  45°.  The  mixed-mode  results  are 
not,  however,  without  significance  to  the  subject  of  adhesive  joint 
performance,  but  continued  work  on  the  problem  cannot  be  justified  in 
this  Program.  The  current  tests  will  be  completed  and  a manuscript 
prepared  for  publication. 
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FUTURE  PLANS 

Additional  commercial  resins  will  be  evaluated  for  modulus, 
damping  factor  and  fracture  energy  at  ambient  (25 °C,  50%  RH)  condi- 
tions in  an  effort  to  characterize  the  principal  state-of-the-art 
resins  for  high  performance  composites  and,  hopefully,  to  identify 
resins  with  one  or  more  outstanding  properties.  These  resins  will 
include  representatives  of  all  classes  of  so-called  high  temperature 
resins  including  thermoplastic  polysulfones  and  polyimides. 

These  mechanical  characterization  tests  will  be  supplemented  by 
measurements  of  the  effect  of  moisture  on  the  resin  Tg  using  a special 
closed-cell  attachment  to  a differential  scanning  calorimeter. 


Polyphthalocyanine  resins  will  be  synthesized  by  the  Resin 
Synthesis  Task  and  have  specific  molecular  structure  designed  to  give 
high  modulus,  toughness  and/or  moisture  resistance.  These  "molecular ly 
tailored"  resins  will  include  (a)  mixtures  of  aliphatic  and  dianil 
based  phthalocyanines , and  (b)  end-capped  phthalocyanine  structures 
with  the  end-cap  moiety  being  an  aliphatic  chain  long  enough  (C-18)  to 
provide  molecular  entanglements  which  may  enhance  toughness  to  offset 
the  loss  in  cross-linking  but  also  provide  a mechanism  for  increased 
toughness  via  plastic  deformation  of  the  entanglements.  Also,  aliphatic- 
based  resins  will  be  synthesized  from  acid  chlorides  based  on  "dimer- 
acid”  in  the  hope  of  obtaining  resins  at  least  as  tough  as  the  C-22 
polyphthalocyanine  (Table  I)  but  with  a much  less  costly  diacid  starting 
material.  Dimer  acid-based  resins  also  have  unsaturated  sites  which 
may  allow  curing  (with  reactive  diluents)  by  ionizing  radiation  (Task 
D). 


Selected  resins  will  be  tested  for  the  effect  of  heat  soak  on 
^ , modulus,  damping  factor  and  vs  T.  The  selection  will  be 

based  on  potential  as  matrix  (or  adhesive)  resins  for  V/STOL 


structures. 


Work  will  begin  on  formulating  high  toughness  adhesives.  Initial 
effort  will  be  to  incorporate  fibrillated  PTFE  in  C^-phthalocyanine, 
Hexcel  F-178  and  a fluoroepoxy  resin. 

Critical  experiments  are  underway  to  determine  the  viability  of 
the  elastomer  interlayer  approach  to  improving  composite  toughness. 

A decision  on  continuing  this  subtask  will  be  made  in  FY  77. 


Stress  corrosion  studies  of  adhesively  bonded  aluminum  and 
titanium  specimens  will  be  started  in  FY  77.  The  test  procedure  will 
be  based  on  tapered  double  cantilever  beam  specimens  as  described  by 
Mostovoy  (9).  Tests  will  begin  with  a "model"  structural  adhesive  (2) 
and  followed  by  testing. of  450°F  adhesives  formulated  in  this  Task. 


21 


e text 

initial"  VTg  for  incompletely  cured  resin 


See  Table  I for  resin  sources  and  type 
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— Effect  of  thermal  soak  on  the  G vs  T 
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Fig.  6 — Effect  of  thermal  soak  on  the  G vs.  T of  Narmco  5208  epoxy 
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TEMPERATURE,  °C 

Fig.  7 — Effect  of  temperature  on  fracture  energy;  filled  points 
aluminum  beams,  open  points  — titanium  beams 
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ADIPRENE  CONCENTRATION  IN  COATING  SOLUTION  ( WT%) 

Fig.  9 — Effect  of  urethane  coating  of  fibers  on  interlaminar  shear 
strength  of  T-300  anhydride-epoxy  NOL  ring  composites 
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ADIPRENE  CONCENTRATION  IN  COATING  SOLUTION  ( WT  % ) 

Fig.  10  — Effect  of  urethane  coating  of  fibers  on  notched  NOL  ring 
segment  strength  of  T-300/anhydride-epoxy  composites 
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CHEMICAL  CHARACTERIZATION 


C.  F.  Poranski,  Jr.  and  W.  B.  Moniz 
Organic  Chemistry  Branch 
Chemistry  Division 


INTRODUCTION 

The  high  strength-to-weight  ratio  of  structural 
composites  and  adhesives  cannot  be  fully  exploited  because 
of  batch-to-batch  variability  in  engineering  properties 
which  frequently  exceeds  +25%.  The  use  of  such  materials 
in  primary  structures  requires  stringent  control  on 
reproducibility  and  reliability.  The  Chemical  Characteri- 
zation Task  helps  investigate  the  relationships  between 
chemical  composition  and  engineering  variability.  The 
task  determines  the  identity,  purity,  and  quantity  of 
ingredients  in  resin  systems  selected  for  investigation 
in  the  NRL-V/STOL  Program.  It  also  develops  methodology 
and  specifications  to  monitor  composition  so  that  adverse 
effects  upon  engineering  properties  due  to  variability 
in  raw  materials  may  be  minimized.  The  chemical  results 
will  be  correlated  with  the  physical  and  thermomechanical 
results  obtained  in  other  Tasks  to  generate  meaningful 
quality  control  parameters. 

The  objectives  for  FY76/FYTQ  were  (a)  analysis  of 
the  baseline  resin  system,  Narmco  5208;  (b)  general 
characterization  of  commercial  resin  systems  of  interest 
to  this  program  (continuing);  and  (c)  characterization 
of  phthalocyanine  and  other  NRL  formulated  resin  systems 
(continuing) . 

This  Task  routinely  screens  candidate  materials 
which  enter  the  NRL-V/STOL  Program  for  evaluation.  The 
screening,  usually  by  carbon-13  and  proton  nuclear 
magnetic  resonance  spectroscopy  (C-13  or  proton  NMR)  (1)( 
confirms  or  establishes  the  chemical  nature  of  the  material. 
Materials  selected  for  extensive  evaluation  in  the  program 
are  studied  more  intensively  by  a battery  of  analytical 
methods.  Finally,  a quality  assurance  scheme  based  on 
composition  will  be  developed  for  the  resin  system  which 
meets  the  performance  goals  of  the  NRL-V/STOL  Program. 
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Highlights 

The  baseline  resin  system,  Narmco  5208,  was  found 
to  consist  principally  of  the  tetraglycidyl  ether  of 
methylene  dianiline  (TGMDA),  an  epoxide,  and  diaminodi- 
phenyl  sulfone  (DDS),  the  curing  agent.  The  Task  showed 
that  the  modified  epoxy,  Celanese  SU-8,  is  also  present  as 
a minor  constituent. 

Two  polyimide  resin  systems,  Rhodia  Kerimid  601  and 
Hexcel  F-178  were  shown  to  differ  markedly  in  composition. 
Kerimid  601  is  composed  principally  of  the  bis-maleimide 
of  methylene  dianiline,  while  Hexcel  F-178  contains  the 
reactive  plasticizer  triallyl  isocyanurate  as  a major 
constituent  in  addition  to  the  above  bis-maleimide. 

The  proposed  structure  of  the  C^o  Diamide,  a 
precursor  to  the  NRL-developed  phthalocyanine  resin,  was 
confirmed  by  C-13  and  proton  NMR  spectra. 

NMR  spectra  have  been  obtained  for  a number  of 
resins,  curing  agents,  etc. , to  provide  reference  data 
for  the  chemical  characterization  efforts. 

Narmco  5208 

Narmco 's  Rigidite  5208,  chosen  as  a baseline  material 
for  the  NRL-V/STOL  Program,  is  a graphite-epoxy  prepreg 
material  manufactured  from  Narmco  5208  epoxy  resin  system 
and  Thornel  300  graphite  fiber.  It  is  one  of  several 
state-of-the-art  high  temperature  graphite-epoxy  systems 
used  in  the  fabrication  of  airframe  components  on  a 
commercial  scale. 

The  Narmco  5208  resin  system  is  based  on  the 
tetraglycidyl  ether  of  methylene  dianiline  (TGMDA)  and 
diaminodiphenyl  sulfone  (DDS).  The  structures  and  C-13 
NMR  spectra  of  these  compounds  are  given  in  Figures  1 and 
2,  respectively. 

Carbon-13  and  proton  NMR  spectra  of  Narmco  5208 
(Figures  3 and  4)  readily  confirm  that  the  major 
constituents  are  TGMDA  and  DDS.  In  addition,  they 
indicate  the  presence  of  other  materials.  The  C-13  data 
point  to  a glycidyl  ether  type  of  resin  (2).  In  the 
proton  spectrum  of  Narmco  5208  the  glycidyl  ether  region 
is  swamped  by  lines  due  to  the  glycidyl  amine  groups  of 
TGMDA  (Figure  4,  2. 2-3. 8 ppm).  However,  the  1.6  ppm 


region  of  this  spectrum  shows  lines  which  are  not  present 
in  TGMDA,  but  which  closely  resemble  lines  in  the  proton 
spectrum  of  Celanese  SU-8.  SU-8  is  a polymeric  epoxy 
resin  of  "unique  structure"  (3).  The  C-13  spectrum  of 
SU-8  (Figure  5)  matches  many  of  the  peaks  attributed  to 
minor  constituent(s)  in  Narmco  5208.  On  the  basis  of  the 
proton  and  C-13  spectra,  we  conclude  that  Celanese  SU-8 
is  a minor  constituent  of  Narmco  5208.  This  conclusion 
has  been  independently  reached  by  two  other  groups  working 
on  characterization  of  TGMDA/DDS  resin  systems  (4,5). 

Besides  the  determination  of  qualitative  composition 
of  systems  like  Narmco  5208,  we  are  developing  methods  for 
quantitative  analysis. 

Proton  NMR  can  often  be  used  for  quantitative 
analysis  of  mixtures.  Figure  6 illustrates  the  approach 
for  a TGMDA/DDS  resin  system.  The  proton  spectrum  of  the 
resin  system  designated  R-33  is  the  combination  of  the 
spectra  of  the  two  components,  DDS  and  TGMDA.  Since  one- 
half  of  the  aromatic  proton  spectrum  of  DDS  is  well 
separated,  R-33  can  be  quantitatively  analyzed  by 
integration  of  peak  areas.  For  three  synthetic  mixtures 
of  DDS  and  TGMDA  containing  10,  20  and  30%  by  weight  of 
DDS,  we  obtained,  by  this  method,  10.9%,  20.7%  and  29.7% 
DDS,  respectively.  Extension  of  this  procedure  to  Narmco 
5208  has  been  hampered  because  the  aromatic  protons  of 
SU-8  overlap  those  of  the  DDS  and  TGMDA.  If  the  structure 
of  SU-8  were  known,  integration  of  the  peak  due  to  SU-8  at 
1.6  ppm  in  the  Narmco  5208  spectrum  (Figure  4)  would 
eliminate  the  problem. 

Carpenter  (5)  has  reported  quantitative  techniques 
based  on  infrared  spectroscopy  and  differential  scanning 
calorimetry  for  these  types  of  resin  systems.  In  his 
work,  also,  the  presence  of  other  components  affects  the 
accuracy  of  the  analyses. 

Other  TGMDA/DDS  resin  systems 

We  have  obtained  survey  spectra  of  two  other  TGMDA/DDS 
resin  systems,  Hercules  3501-5  and  Fiberite  934.  The 
Hercules  3501-5  contains  only  TGMDA,  DDS  and  about  1%  of 
a boron  fluoride  (BF„)  complex  as  a catalyst  (4).  We 
have  not  yet  confirmed  the  presence  of  the  BF„  complex 
by  NMR  methods,  but  fluorine-19  NMR  should  be  applicable. 
The  C-13  and  proton  NMR  spectra  of  Fiberite  934  are  more 
complex.  The  C-13  spectrum  (Figure  7)  has  additional 
lines  in  the  40-70  ppm  region  and  at  165  ppm  due  to  the 
presence  of  diglycidyl  phthalate. 
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Epoxy  Novo lacs 


Epoxy  novolac  resins  combine  the  temperature  stability 
of  phenolic  resins  with  the  curing  versatility  of  the 
epoxide  group.  The  structures  and  C-13  NMR  spectra  of 
two  epoxy  novolacs  are  given  in  Figures  8 and  9.  The 
spectra  differ  primarily  because  of  the  aromatic  methyl 
substituent  in  the  CIBA  material  (Fig.  9).  The  C-13 
NMR  spectra  for  two  higher  molecular  weight  materials, 
D.E.N.  438  and  D.E.N.  439  closely  resemble  that  of  D.E.N. 
431. 

Phthalocyanines 

The  Resin  Synthesis  Task  has  developed  a series  of 
compounds  of  the  general  structure,  I,  which  polymerize 
to  form  polyphthalocyanines.  The  Chemical  Characterization 
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Task  has  run  C-13  NMR  spectra  of  several  of  these  compounds. 
The  structure  and  spectrum  of  the  C _ Diamide,  where  X = 

H 0 0 „ 10 

H il  H H 

-N-C-(CH„ ) -C-N-,  are  given  in  Figure  10.  We  have  also 
Z 8 

begun  to  characterize  the  dianil-  and  the  polyphenylether- 
variations  of  phthalonitrile  resins. 

Polyimides 

Samples  of  four  addition- type  polyimide  systems  have 
been  received  for  preliminary  investigation.  They  are 
CIBA  P-13N  (varnish),  Gulf  Thermid  600,  Rhodia  Kerimid 
601  and  Hexcel  F-178.  The  Hexcel  material  has  been  most 
thoroughly  investigated. 

Figures  11  and  12  give,  respectively,  the  C-13 
and  proton  NMR  spectra  of  Kerimid  601  and  F-178.  The  two 
materials  have  many  spectral  features  in  common,  but  it  is 
immediately  evident  that  F-178  has  at  least  one  other 
major  component.  Treatment  of  F-178  with  CC1.  (room 
temperature  stirring  or  Soxhlet  extraction)  resulted 
in  the  extraction  of  a colorless  liquid  whose  C-13  and 
proton  NMR  spectra  account  for  most  of  the  extra  lines 
in  the  F-178.  We  identified  this  liquid  as  triallyl 
isocyanurate  by  comparison  of  its  infrared  and  C-13 
and  proton  NMR  spectra  with  those  of  an  authentic  sample 
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(Aldrich  Chemical  Company  #11,423-5,  Triallyl-S-triazine- 
2,4,6  ( 1H, 3H, 5H)-trione) ) . 

This  result  is  consistent  with  the  report  by  Penn, 
et  al,  (6)  of  a component  of  F-178  which  volatilized 
under  vacuum  and  high  temperature.  The  infrared  spectrum 
they  show  for  this  volatile  component  closely  matches  the 
one  given  for  triallyl  isocyanurate  in  the  Aldrich  IR 
Spectra  Catalog  (7). 

Current  information  (6)  indicates  that  the  other 
major  component  of  F-178  is  the  bis-maleimide  of  methylene 
dianiline.  We  are  currently  attempting  to  obtain  an 
authentic  sample  of  this  material  for  confirmation  by 
spectral  methods.  The  NMR  spectra  also  indicate  the 
presence  of  minor  components  which  we  have  not  yet 
identified. 

Other  Epoxy  Resin  Systems 

Since  little  published  data  on  the  C-13  and  proton 
NMR  characteristics  of  DGEBA  and  cycloaliphatic  epoxy 
systems  exist,  we  have  had  to  obtain  survey  spectra  of 
a wide  variety  of  these  materials.  These  reference  data 
have  helped  in  the  identification  of  components  added  to 
the  TGMDA/DDS  systems,  Narmco  5208  and  Fiberite  934. 
Formulators  may  add  other  materials  to  the  resins  they 
use  in  high  temperature  epoxy/graphite  prepregs  in  order 
to  improve  handling  or  processing.  Some  results  of  our 
C-13  NMR  studies  of  epoxy  resins  have  been  reported  (1,2). 
Because  our  compilation  of  spectra  may  be  useful  in  other 
polymer  characterization  laboratories,  we  are  preparing 
a spectra  catalog  for  publication  as  an  NRL  Report. 

The  first  volume  covers  epoxy  resin  systems. 

FUTURE  WORK 

During  FY77,  the  principal  activities  to  be  addressed 
in  the  Chemical  Characterization  Task  are  to: 

1.  complete  the  analysis,  including  quantitative 
proton  NMR  measurements,  of  Hexcel  F-178; 

2.  produce  and  distribute  Volume  1 of  the  NMR 
Spectra  Catalog;  investigate  computerization  of  catalog 
information ; 

3.  develop  rapid  and  reliable  analytical  techniques 
for  the  C1Q  diamide  and  other  precursors  to  phthalocyanine 
resins; 


4.  investigate  methods  for  determining  compositional 
changes  in  prepreg  materials  due  to  thermal  aging  (in 
cooperation  with  the  Composites  Fabrication  Task); 

5.  characterize  new  materials  as  received; 

6.  begin  quality  control  parameter  definition  of 
selected  resin  system(s). 

SUMMARY 

The  Chemical  Characterization  Task  of  the  NRL-V/STOL 
Program  has  investigated  a number  of  high  temperature  resin 
systems  and  epoxies.  The  primary  analytical  tools  were 
C-13  and  proton  NMR  spectroscopy.  Detailed  analyses  were 
started  on  Narmco  5208,  Hexcel  F-178  and  NRL's  C-10 
diamide  precursor  to  polyphthalocyanine  resins.  Narmco 
5208  was  found  to  contain  the  modified  epoxy,  SU-8,  in 
addition  to  the  main  components,  TGMDA  and  DDS.  Hexcel 
F-178  appears  to  be  a blend  of  the  bismaleimide  of 
methylene  dianiline  and  triallyl  isocyanurate  and  some 
yet  unidentified  minor  components.  Work  will  continue  on 
F-178  to  quantify  the  major  components  as  well  as  to 
identify  the  minor  components.  Improved  analytical 
methods  must  be  developed  for  polyphthalocyanine  precursors 
The  NMR  spectral  information  obtained  in  this  program  will 
be  published. 
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Carbon-13  NMR  spectrum  of  Narmco  5208  in  acetone 


Fig.  4 — Proton  NMR  spectrum  of  Narmco  5208  in  hexadeutero-acetone. 
The  multiplet  at  2 ppm  is  due  to  the  solvent. 
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Chemical  Shift  (ppm) 

Fig.  5 — Carbon-13  NMR  spectrum  of  SU-8 
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Fig.  6 — Proton  NMR  spectra  of  the  aromatic  regions  of  DDS 
(top),  TGMDA  (middle),  and  a resin  system  based  on  them 
(bottom).  An  integral  of  the  resin  system  spectrum  is  super- 
posed. 


Di amide 


Fig.  10  — Carbon-13  NMR  spectrum  of  C10  Diamide 
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Chemical  Shift  (mm) 

Fig.  12  — Proton  NMR  spectra  of  Hexcel  F-178  (upper)  and  Rhodia  Kerimid  601 
(lower)  in  hexadeutero-dimethyl  sulfoxide,  DMSO-d6.  In  each  spectrum  the  line 
at  0 ppm  is  due  to  the  internal  reference,  tetramethylsilane,  and  the  lines  at  2.5 
ppm  are  due  to  the  solvent,  DMSO-dg.  The  line  at  3.5  ppm  (broad  in  the  F-178 
spectrum,  narrower  in  the  601  spectrum)  is  due  to  water. 
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The  utilization  of  industrial  electron  accelerator 
equipment  for  radiation  curing  of  polymeric  materials  has 
reached  commercial  maturity  in  several  areas.  Specifically, 
it  has  become  a cost-effective  processing  method  for  cross- 
linking  plastic  film,  rubber  sheet,  wire  insulation  and 
heat-shrinkable  tubing.  The  objectives  of  the  Radiation 
Curing  Task  are  to  apply  this  technology  to  the  curing  of 
high  performance  adhesives  and  composites  for  aircraft 
parts  and  assemblies  and  to  demonstrate  the  performance 
stability  of  the  products.  Additional  advantages  will  be 
detailed  in  both  the  versatility  and  economics  of  these 
methods. 

A typical  example  of  a commercial  application  is  the 
vulcanization  of  sheet  rubber  by  an  electron  accelerator, 
replacing  the  conventional  batch  autoclaving  process.  A 
study  made  of  the  comparative  energy  utilization  efficiency 
gave  values  of  40%  to  60%  for  an  electron  accelerator  versus 
1%  to  5%  for  heat  curing  systems  (1).  Figure  1 shows  the 
layout  of  a typical  Dynamitron  electron-beam  processing 
facility  for  the  radiation  curing  of  sheet  materials.  The 
accelerator  equipment  is  basically  the  same  for  all  types 
of  product  applications,  whereas  the  vault  and  conveyor 
system  can  be  varied  to  accomodate  many  different  products. 
In  the  design  of  radiation  curing  facilities  consideration 
must  be  given  to  the  ease  of  product  transport  while 
providing  absolute  radiation  safety  to  the  workers. 

Because  electrons  have  limited  range,  one  is  concerned, 
not  with  the  direct  electron  hazard,  but  rather  with  the 
secondary  radiation,  Bremstrahlung , produced  when  the 
electrons  are  stopped.  These  X-rays  are  highly  penetrat- 
ing and,  therefore,  the  heavy  shielding  of  concrete  or 
other  dense  material  is  required  between  the  target 
materials  and  the  personnel  area. 

^Division  of  Applied  Science.  New  York  University 


Some  advantages  of  curing  adhesives  and  composites 
for  aerospace  and  missile  construction  with  electron  beam 
radiation  energy  at  room  temperature  are  listed  in  Table  I. 
One  of  the  most  important  advantages  is  that  materials 
having  different  thermal  expansion  coefficients  can  be 
bonded  without  the  introduction  of  residual  heat-shrink 
stresses  that  usually  result  from  conventional  heat  curing 
techniques,  which  require  heating  to  temperatures  up  to 
150°C,  and  sometimes  higher.  As  a result  of  the  high  temp- 
eratures, residual  stresses  of  unknown  magnitude  are  often 
left  in  the  polymer  adhesives  and/or  the  metal  adherends. 

In  some  instances  these  stresses  are  larger  than  the 
ultimate  composite  strength,  especially  in  transverse 
directions,  and  microcracks  develop  in  the  resin  matrix. 

The  use  of  heat  cured  adhesives  may  also  be  prohibi- 
tive in  certain  structures  because  of  the  heat  distortion 
or  degradation  of  some  components  during  the  curing  process. 
For  example,  the  bonding  of  graphite  fiber-epoxy  composite 
laminates  to  the  aluminum  or  titanium  skins  of  aircraft 
presents  serious  problems  because  the  thermal  coefficients 
of  expansion  of  the  composite  and  the  metals  differ  so 
radically . 

Where  adhesives  can  be  used,  it  is  normally  necessary 
to  heat  the  entire  assembly  in  one  curing  cycle.  This 
requires  massive  curing  ovens  for  structures  such  as  air- 
plane wings  or  missile  bodies,  which  wastes  quite  sub- 
stantial quantities  of  energy.  When  performed  by  electron 
beam  radiation, the  cure  can  be  completed  in  a much  shorter 
time,  and  the  amount  of  energy  expended  to  accomplish  it 
is  much  less.  For  example,  one  aircraft  manufacturer 
estimates  that  a typical  sub-assembly  requiring  a normal 
autoclaving  heat  cure  cycle  which  takes  4 hours  could  be 
completely  cured  in  about  40  minutes  with  an  industrial 
electron  accelerator  (2).  Moreover,  a completely  radia- 
tion-cured resin  does  not  contain  volatile  products,  since 
totally  reactive  liquid  adhesive  systems  can  be  used. 

Looking  into  the  future,  it  may  be  practical  to 
accomplish  the  adhesive  cure  on  designated  spots  or  seams 
where  a repair  patch  might  be  needed  on  a damaged  aircraft 
or  ship  component  by  means  of  a remote  controlled  trunnion- 
mounted  accelerator.  The  Varian  Linatron  pictured  in 
Figure  2 would  be  adaptable  for  this  purpose.  By  removing 
the  X-ray  producing  element  normally  installed  for  radio- 
graphic  inspection,  this  unit  becomes  a 8 to  10  meV 
electron  beam  source  that  can  be  directed  to  scan  the  bond 
line. 
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Radiation  curing  should  also  be  ideal  in  the  new 
hybrid  joining  technique  of  Weld-Bonding  because  radiation- 
curable  adhesives  have  the  following  characteristics  in 
addition  to  those  given  above:  (1)  controlled  viscosity  for 
good  surface  wetting  and  flow,  (2)  long  pot-life  since  no 
catalyst  is  used,  and  (3)  minimal  pre-cure  from  the  heat 
of  the  welding  step. 

PROGRESS 


Vinyl  Ester  Resins 

The  first  part  of  this  program  consisted  of  a study 
to  screen  a wide  variety  of  commercially  available  resins 
which  appeared  to  be  most  suitable  for  radiation  curing 
by  virtue  of  their  chemical  structure.  Some  of  the  most 
readily  available  and  previously  characterized  types  are 
the  vinyl  ester-modified  epoxy  resins.  Those  contain  se- 
lected vinyl-terminated  high  temperature  backbone 
molecules  which  have  been  found  to  be  readily  cross-linked 
by  typical  free-radical  addition  reactions.  Six  different 
products  were  selected  for  initial  testing  based  on  the 
manufacturers'  claims  of  high  temperature  stability  and 
high  degree  of  reactivity. 

Of  those  initially  screened,  the  commercially  availa- 
ble Epocryl  12  prepolymer  was  selected  for  a comprehensive 
study  of  the  effects  of  variations  in  formulation  and 
radiation  dose.  The  preparation  of  this  resin,  which 
is  typical  of  the  reaction  between  an  epoxy  and  an  acrylic 

Catalyst 
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When  R is  the  bisphenol  A group,  we  have 

° r ° 

c=c-c-0-|c-c-c-0-^>  - O^C-C-C-0-C-C=C 


Depending  on  the  size  of  n.  the  resulting  linear  molecules 
tend  to  be  either  high  viscosity  liquids  or  solids  at  room 
temperature,  which  inhibits  the  ease  of  application  as  room 
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temperature  radiation  curable  adhesives.  It  may  also  be 
desirable  to  enhance  the  reactivity  and  the  degree  of 
cross-linking.  Therefore,  by  formulating  with  vinyl 
functional  monomers  which  are  fluid  at  room  temperature  or 
slightly  above,  solutions  can  be  obtained  with  viscosities 
appropriate  for  adhesive  applications  or  composites 
fabrication  and  with  more  unsaturated  sites  for  reaching 
higher  cross-link  densities  than  the  neat  Epocryl  resin 
itself . 

Figure  3 shows  the  structural  formulas  of  three  such 
monomers  that  were  utilized  in  the  resin  formulation  study. 
The  supplier  of  triallyl  cyanurate  (TAC)  claims  that  a 
resin  formulated  with  TAC  will  retain  its  high  temperature 
strength  in  the  range  of  50  to  120°C  higher  than  the  non- 
TAC  modified  resin,  probably  because  of  its  trifunctional- 
ity. Other  typical  monomers  that  are  useful  are  divinyl 
benzene  (DVB)  (which  is  difunctional)  and  styrene  (which 
is  monofunctional). 

Formulations  of  each  of  these  monomers  were  prepared 
with  the  Epocryl  12  resin  and  evaluated  as  adhesives  for 
bonding  aluminum  to  aluminum  in  single  lap-shear  test 
specimens  using  7075  aluminum  alloy.  Surfaces  were 
prepared  by  an  acid-chromate  (FPL)  etching  procedure  prior 
to  specimen  assembly. 

An  initial  study  was  conducted  to  determine  the 
effect  of  radiation  dose  on  bond  strengths  of  the  different 
formulations.  Single  lap-shear  specimens  were  prepared 
and  electron-beam  irradiated  to  nominal  doses  of  8,  10, 

20  and  30  megarads  (Mrad).  The  test  results  at  room 
temperature,  115°C  and  150°C  appeared  to  reach  an 
approximate  maximum  and  then  became  independent  of  dose 
over  the  10-30  Mrad  range.  The  results  of  this  test 
series  are  presented  in  Table  II.  The  10  Mrad  dose  was 
adopted  as  the  optimum  and  used  exclusively  throughout 
the  high  temperature  test  series. 

Throughout  the  Epocryl  12  formulation  test  series, 
the  electron  beam  irradiations  were  performed  with  the 
3-MeV  Dynamitron  electron  accelerator  at  the  Radiation 
Dynamics,  Inc.,  Service  Center,  Plainview,  Long  Island, 

New  York.  This  facility  has  a magnetic  beam  sweeping 
accessory  on  the  accelerator  that  provides  a uniform 
electron  flux  over  a line  width  of  4 feet.  A constant 
speed  conveyor  system  carries  the  objects  through  the  line 
of  electrons  so  that  uniform,  large-area  irradiations  are 
obtainable. 
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The  entire  facility  is  similar  to  that  illustrated 
in  Figure  1,  except  for  the  difference  in  the  conveyor. 

At  the  Service  Center  the  conveyors  are  flat-bed  cars  on  a 
continuous  moving  track.  Figure  4 shows  one  of  these  cars 
with  a medical  unit  being  sterilized  as  it  passes  under 
the  beam-sweeper  at  a speed  of  0.15  m/s.  Since  the  dose 
per  pass  at  the  level  of  the  car  platform  is  nominally  2.5 
Mrad  for  a beam  current  of  25  ma,  the  10  Mrad  dose 
deposited  in  the  adhesive  test  specimens  was  obtained  in 
four  passes. 

Further  experiments  were  conducted  on  specimens 
prepared,  irradiated  and  tested  in  the  same  manner  to 
obtain  a range  of  bond  strength  versus  temperature  data 
for  three  different  formulations  of  Epocryl  12  with  TAC, 
DVB  and  styrene. 

The  specimens  were  bonded  and  irradiated  at  room 
temperature  with  only  contact  pressure.  A comparison 
was  obtained  with  conventional  heat  cured  specimens  which 
contained  0.5%  benzoyl  peroxide  added  to  each  of  the  above 
formulations.  These  were  cured  in  accordance  with  the 
manufacturer's  recommendation  of  2 hours  at  80°C  under 
pressure.  Each  group  of  specimens  was  then  tested  at 
room  temperature,  115°C,  150°C,  200°C  and  260  C.  The 
results  of  this  series  are  tabulated  in  Table  III  and  the 
data  points  are  plotted  graphically  in  Figure  5.  The 
values  given  are  averaged  from  five  specimens  each,  in 
which  the  extreme  value  ranges  were  typically  in  the  order 
of  +15%.  The  resulting  data  show  that  both  the  Epocryl  12/ 
DVB  and  the  Epocryl  12/TAC  adhesive  systems  can  be 
radiation  cured  at  ambient  temperatures  and  have  superior 
strength  retention  at  150°C;  even  at  260°C  there  is 
approximately  40%  retention  of  initial  strength.  The 
Epocryl  12/styrene  system  shows  significantly  greater 
losses  at  the  elevated  temperatures.  Radiation  curing 
produced  lap-shear  strengths  which  were  greater  than 
those  of  the  corresponding  heat-peroxide  curing  in  all 
three  systems. 

High  Temperature  Resin  Survey 

In  addition  to  the  vinyl  ester  resin  survey  the 
program  has  maintained  a forward  objective  of  determining 
the  radiation  cross-linkability  of  other  types  of  resins 
as  well.  The  selections  were  governed  by  the  claimed 
capabilities  and  availabilities  of  either  commercial  or 
research-grade  resins  that  should  have  high-temperature 
or  environmental  stability,  or  both.  As  such,  their 
potential  for  radiation-induced  cross-linking  reactions 
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It  has  been  reported  to  be  a radiation  crosslinkable 
monomer  that  has  been  used  as  a reactive  diluent  in 
radiation  curable  coating  systems.  For  the  radiation 
curing  experiments  described  below, mixtures  of  1 part  VP 
to  2 parts  resin  were  employed. 


C10  Diamide/VP 

The  C.Q-polyphthalocyanine  (N,N' -bis-( 3 , 4-dicyano- 
phenyl)decandiamide)  is  readily  soluble  in  N-vinyl-2- 
pyrrolidone  to  give  a clear,  straw-colored,  low  viscosity 
liquid.  At  a radiation  dose  of  10  Mrad  the  solution 
gelled  and  became  a soft  gum,  but  further  doses  up  to  90 
Mrad  produced  no  additional  change. 


Kerimid  601 /VP 

The  Kerimid  601/VP  mixture  required  heating  to  about 
35°C  to  form  a clear,  reddish-brown  solution  that  remained 
clear  on  cooling.  Initial  radiation  curing  experiments 
were  conducted  on  the  bulk  material  with  gamma-rays  at 
increments  of  doses  from  2 to  30  Mrad.  A glassy-state 
was  reached  at  the  2 Mrad  dose.  DSC  and  TMA/P  analyses 
performed  using  a DuPont  990  Thermal  Analyzer  System 
demonstrated  that  the  glass  transition  temperature  increased 
with  dose  to  a maximum  in  the  20  to  30-Mrad  region. 

Figure  6 shows  scans  of  the  30-Mrad  specimens,  indicating 

a T of  about  325°C. 
g 

F-178/VP 


The  F-178  resin  is  of  a pasty  consistency  at  room 
temperature  and  becomes  a clear,  dark  brown  syrup  when 
mixed  with  VP.  As  with  the  Kerimid  601/VP,  the  DSC  and 
TMA/P  analyses  showed  that  about  the  same  increase 
in  cure  versus  dose  occurred  until  in  the  region  of  25-30 
Mrads  it  reached  a maximum.  As  shown  in  Figure  7,  at 

30  Mrad  the  T was  about  300°C. 
g 
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is  essentially  unknown.  Many  of  these  resins  are  solids 
that  undergo  cross-linking  reactions  at  the  melting  point; 
they  are  therefore,  not  as  readily  adaptable  to  the 
preparation  of  simple  tests  for  radiation  curability  at 
room  temperature  as  liquids.  Since  it  was  not  feasible  to 
visually  observe  for  radiation-induced  gellation  or  cross- 
linking  in  these  solid  materials,  thermal  analysis  methods 
were  applied  to  determine  whether  cross-linking  by 
radiation  occurred. 

The  materials  were  irradiated  to  appropriate  doses  by 
exposures  to  gamma-rays  in  the  NRL  Cobalt-60  Source 
Facility.  Testing  by  Differential  Scanning  Calorimetry 
(DSC)  and  Thermal  Mechanical  Analysis,  penetration  mode 
(TMA/P) , was  carried  out  to  determine  if  crosslinking 
occurred,  indicated  by  an  increase  in  glass  transition 
temperature  (T  ) or  melting  point.  With  other  resins 
which  were  obtSined  in  a fluid  or  soft  solid  form,  a 
radiation- induced  reaction  was  observable  as  a change 
in  viscosity  or  conversion  to  a solid  form.  Table  IV 
presents  a summary  of  those  examined  to  date  and  the 
resulting  qualitative  observations. 

Formulating  High  Temperature  Resins 

Many  of  the  high  temperature  resins  listed  above  are 
solids  or  semi-solid,  such  as  the  F-178.  If  they  are  to 
be  applied  as  spreadable  liquid  or  paste  adhesives,  they 
must  be  formulated  with  a reactive  monomer  diluent.  A 
study  was  conducted  to  determine  the  solubilities  of  these 
resins  in  several  functional  monomers.  The  resins  and 
monomers  evaluated  are  listed  in  Table  V along  with 
qualitative  estimates  of  their  solubilities.  Proportions 
of  1:1  by  weight  were  used  primarily.  Where  solubility 
was  low,  greater  amounts  of  monomers  were  tried; 
finally,  each  mixture  was  heated  to  65QC  as  a last  resort 
to  increase  the  probability  of  obtaining  complete  solu- 
bility. Only  the  three  mixtures  in  the  lower  right 
of  the  table  formed  clear  solutions,  although  the  HR-600: VP 
reached  an  almost  clear  mixture  at  the  elevated  temperature 

N-vinyl-2-pyrrolidone  (VP),  whose  structure  is  shown 
below,  was  chosen  as  a reactive  solvent  because  of  its 
chemical  similarity  to  N-methyl-2-pyrrolidone  (NMP),  one 
of  the  few  solvents  known  for  the  polyimide  prepolymers. 
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With  these  indications  that  30  Mrad  cures  would 
produce  materials  with  a high  glass  transition  temperature, 
the  solutions  of  the  above  polyimide  resins  in  VP  were 
evaluated  as  adhesives  by  single  lap-shear  tests. 
Electron-beam  curing  was  performed  in  the  NRL  2 MeV  Van  de 
Graaff  accelerator  to  doses  of  30  Mrad.  This  accelerator 
does  not  have  a beam  scanner,  so  irradiation  was  performed 
one  specimen  at  a time  at  a dose  rate  of  0.1  Mrad/sec. 
with  a beam  current  of  35  pa.  By  a thermocouple 
experiment  on  a dummy  specimen  it  was  determined  that 
the  adhesive  in  the  specimens  reached  a temperature  of 
approximately  54°C  during  the  irradiation.  Cured  specimens 
were  tested  at  room  temperature  and  at  150°C.  The  values 
reported  in  Table  VI  are  averaged  from  five  specimens  each. 
Results  confirm  the  high  softening  points  of  these 
materials.  However,  the  low  shear  strength  values  and  the 
brittle  nature  of  the  adhesive  bond  lines  suggested  that 
they  were  overcured  at  30  Mrad.  Further  studies  will  be 
conducted  to  maximize  the  desired  properties  of  the  high- 
temperature  resin  formulations. 

Radiation-Cured  Vinyl  Pyrrolidone 

One  of  the  many  advantages  of  radiation  curing  is 
the  capability  to  induce  partial  cures  in  either  the 
monomer  or  the  monomer-resin  formulation.  Such  cure 
advancement  steps  can  be  conducted  at  room  temperature. 

No  further  reaction  occurs  until  additional  radiation  is 
applied  during  processing.  Thus,  the  viscosity  of  an 
adhesive  formulation  can  be  modified  by  pre-irradiation  to 
obtain  optimum  spreading  characteristics  on  the  adherend 
surfaces  without  the  need  for  raising  temperature  or 
pressure.  A demonstration  experiment  of  this  capability 
was  conducted  with  vinyl  pyrrolidone.  A cylindrical 
container  of  the  fluid  monomer  was  irradiated  in  the  NRL 
cobalt-60  source  in  increments  of  dose  until  the  viscosity 
reached  the  desired  spreading  consistency  at  a dose  of 
0.65  Mrad. 

Vinyl  pyrrolidone  solidifies  when  irradiated  to  1 Mrad 
and  continues  to  harden  with  increased  doses.  Solidifica- 
tion is  accompanied  by  a slight  expansion  of  the  material, 
which  was  measured  to  be  approximately  4%.  Post-cure 
heating  for  2 hours  at  177°C  then  produced  only  about  1% 
net  shrinkage  in  the  specimen  cured  with  a 30  Mrad  dose. 
Compared  to  the  fact  that  heat/peroxide  curing  produces  a 
16%  shrinkage,  this  characteristic  adds  significantly  to 
the  advantages  of  radiation  curing  over  conventional 
procedures.  Radiation  curing  should  also  make  it  possible 
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to  produce  relatively  strain-free  bonding  in  adhesive 
joints  and  in  fiber-reinforced  composites. 

FUTURE  PLANS 

1.  Studies  of  the  radiation  curing  potential  of 

the  materials  described  here,  as  well  as  other  commercially 
available  products  that  are  described  as  radiation 
curable,  will  be  continued. 

2.  The  most  promising  candidates  will  be  studied 
more  extensively  to  optimize  the  formulations  and 
irradiation  conditions  for  maximum  bond  strength  and 
high  temperature  performance,  and  to  minimize  interfacial 
stresses. 

3.  The  application  of  these  materials  for  joining 
aluminum,  titanium  and  composite  materials  will  be 
demonstrated. 

4.  These  resins  and  others  will  be  evaluated  for 
suitability  as  the  matrix  in  fiber-reinforced  composites. 

5.  The  experimental  program  will  be  directed  toward 
the  selection  and  processing  of  materials  to  withstand 
severe  environments  typical  of  service  conditions. 
Laboratory  tests  will  be  performed  to  demonstrate  the 
improvements  that  can  be  achieved  by  radiation  curing 
processes. 
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Table  I 


ADVANTAGES  OF  RADIATION  CURING 


Room  Temperature  Cure 


• Stress-Free  Joints. 

• No  Thermal  Distortion 


• Eliminates  need  for  Autoclave 


Avoids  Air  Pollution 


• Solvent  is  Cured  as  Part  of  Resin 

• No  Volatile  By-Products. 


Spot-Bonding  Capability 


Ideal  for  Weld-Bonding 
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Table  IV  (continued) 
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Table  VI 


High  Temperature  Strength  of 
Radiation-Cured  Polyimide  Formulations 

100  parts  polyimide 


50 

parts  vinyl  pyrrolidone 

Dose : 30  megarads 

single  lap-shear 
MPa* 

strength, 

Polyimide 

25°C 

150°C 

Kerimid  601 

4.1 

5.2 

Hexcel  F-178 

5.2 

4.6 

EXHAUST 


Typical  Dynamitron  electron  beam  processing  facility 
(courtesy  of  Radiation  Dynamics,  Inc.) 


Fig.  2 — Typical  Linatron  linear  accelerator,  mounted  for  remote 
control  scanning,  (courtesy  of  Varian  Associates) 


SINGLE  LAP-SHEAR  STRENGTH,  PS  I 
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" - HEAT/PEROXIDE 
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TEST  TEMPERATURE  °C 

- Radiation-cured  versus  heat-cured  formulations  of  Epocryl  12  (Shell) 
Comparisons  of  single  lap  shear  strength  at  elevated  temperatures. 


TASK  E.  COMPOSITES  FABRICATION 


J.  V.  Gauchel  and  H.  C.  Nash 
Organic  Chemistry  Branch 
Chemistry  Division 


INTRODUCTION 

The  fabrication  process  for  fiber-reinforced  resin- 
matrix  composites  involves  a complex  combination  of 
physical  and  chemical  processes.  The  objective  of  this 
task  is  to  study  the  interaction  of  these  processes  as  the 
parameters  of  the  fabrication  cycle  are  varied.  From  this 
investigation,  the  parameters  which  optimize  the  mechanical 
properties  of  cured  laminates  are  evaluated  for  each 
material  system  of  interest  to  the  V/STOL  Program.  Once 
these  values  are  determined,  samples  are  manufactured  for 
testing  in  the  Design  Optimization  Task  of  the  program. 

The  parameters  of  the  fabrication  cycle  can  be  divided 
into  two  categories:  those  which  affect  the  curing  process 
and  those  which  affect  the  consolidation  process.  Of  the 
parameters  affecting  the  curing  process,  the  temperature 
cycle  is  the  most  important.  The  cure  cycle  may  be  defined 
as  the  time-temperature  history  that  the  laminate  is 
subjected  during  the  fabrication  process.  This  includes 
such  information  as  heating  rates,  dwell  times  and 
temperatures,  maximum  cure  temperatures,  cooling  rates, 
and  post-cure  conditions.  Other  variables  critical  to  the 
curing  process  are  aging  of  the  prepreg  in  storage  prior 
to  processing  and  the  amount  of  contaminants  (e.g. , water 
or  solvents)  incorporated  into  the  prepreg.  The  main 
parameter  affecting  the  consolidation  process  is  pressure, 
particularly  its  relation  to  viscosity  at  various  stages 
of  the  cure  process.  Both  the  amount  of  pressure  and  the 
point  in  the  cycle  at  which  the  pressure  is  applied  are 
.important  considerations.  Lay-up  parameters  such  as  type 
and  amount  of  bleeder  material,  vacuum  bag  design,  and 
ua  design  also  are  considerations  in  the  consolidation 


« evident  that  to  optimize  all  the  parameters 
• .»  r i.  at  ion  process  would  be  an  immense  task. 

-•  is  both  t im«*  and  manpower  limited,  it  has 


been  necessary  to  choose  certain  parameters  for  investiga- 
tion. For  commercial  systems  such  as  Narmco's  5208/T300 
the  manufacturer's  recommended  cure  cycle  was  accepted 
as  a reasonable  starting  point.  Variations  from  these 
conditions  were  made  to  adjust  for  available  process 
equipment  capabilities.  The  cure  cycle  parameters  of 
dwell  time  and  temperature,  and  the  time  in  the  cure  cycle 
when  pressure  was  applied,  were  varied  until  high  quality, 
reproducible  laminates  could  be  fabricated.  For  non- 
commercial systems  the  process  would  be  more  complex. 

First,  an  initial  fabrication  cycle  based  on  the  kinetics 
of  the  resin  cure  reaction  would  be  developed.  Using 
this  cycle  as  a baseline,  the  paramters  of  the  cycle  are 
systematically  varied.  After  each  variation,  the  lami- 
nate's properties  are  reevaluated.  If  the  variation 
improves  the  laminate,  it  would  be  incorporated  into  the 
baseline  fabrication  cycle.  Thus,  the  fabrication  cycle 
can  be  continuously  modified  until  a tentative  fabrication 
cycle  is  established. 

To  date,  this  process  has  been  extremely  tedious. 

The  recent  aquisition  of  an  Audrey  Dielectric  Analyzer 
System  to  monitor  the  resin  cure  directly  in  the  laminate 
should  ease  the  work  of  this  Task. 

PROGRESS 

During  the  course  of  the  past  year  the  major 
emphasis  of  the  Composites  Fabrication  Task  has  been  the 
optimization  and  evaluation  of  the  Narmco  5208/Thornel  300 
baseline  system.  The  C-10  polyphthalocyanine  system  has 
also  been  investigated  and  a tentative  cure  cycle 
developed. 

Narmco  5208/T300  System 

The  initial  task  of  this  program  was  to  adjust  the 
fabrication  cycle  of  the  Narmco  5208/T300  system  so  that 
reproducible  laminates  could  be  manufactured  with  the 
equipment  available  - a 50-ton  Wabash  Press.  The  first 
attempt  using  an  autoclave  lay-up  without  a vacuum  bag 
proved  unsuccessful.  When  the  vacuum  bag  was  included, 
the  test  laminates  began  to  improve;  however,  they  were 
still  not  satisfactory  due  to  overbleeding.  This  problem 
was  traced  to  an  overload  pressure  applied  by  the  press 
during  closure.  The  pressure  overload  was  eliminated 
by  using  steel  parallels  as  load-bearing  members  during 
the  vacuum  portion  of  the  cure  cycle.  Before  high  pressure 
was  to  be  applied,  the  press  was  opened,  the  parallels 
removed,  and  the  press  reclosed.  Because  the  high 
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pressure  setting  was  greater  than  the  minimum  closure 
pressure  and  could  be  pre-set,  the  second  closure 
developed  no  overload  in  the  laminate. 

After  the  overloading  was  eliminated,  another  problem 
became  evident  - resin  build-up  on  the  edges  of  the 
laminate.  This  problem  was  solved  by  replacing  the 
chloroprene  edge  dams  with  dams  of  porous  felt.  The 
porous  felt  dam  allowed  resin  to  flow  freely  from  the 
preformed  laminate  during  the  cure  cycle  while  restricting 
the  flow  of  fibers.  It  also  increased  the  area  of  contin- 
uous path  for  air  to  escape  from  the  laminate.  The  lay-up 
sequence  used  in  all  subsequent  tests  is  shown  in  Figure  1. 

The  cure-temperature  cycle  supplied  by  the  Narmco 
Materials  Inc.  proved  to  be  very  satisfactory  in  most 
respects.  Sample  dwell  times  and  dwell  temperatures  were 
monitored  using  Chromel-Alumel  thermoucouples  embedded  in 
a test  laminate.  This  technique  allowed  changing  the 
platen  conditions  so  that  the  sample  actually  followed  the 
cure  cycle,  rather  than  assuming  the  sample  was  in 
temperature  equilibrium  with  the  platens. 

Table  1 lists  the  fabrication  cycle  developed  for  the 
Narmco  5208/T300  laminates.  The  dwell  times  and  tempera- 
tures are  unchanged  from  the  recommended  cycle.  An 
additional  50  minutes  of  vacuum  bag  exposure  at  room 
temperature  was  added  to  remove  any  excess  moisture  which 
the  laminate  might  have  absorbed  during  the  course  of  the 
lay-up  procedure. 

The  test  of  any  fabrication  cycle  is  the  quality  of 
the  laminates  produced.  Thirteen  25  cm  x 25  cm  x 16  ply 
laminates  ranging  in  orientation  from  [+15]  to  quasi- 
isotropic were  laminated  for  testing  in  the  Design 
Optimization  Task.  Each  plate  was  characterized  as  to 
specific  gravity,  volume  fraction  fiber,  volume  fraction 
matrix,  and  volume  fraction  voids.  The  plates  were  -also 
ultrasonically  scanned  for  defects.  Table  2 lists  the 
results  of  the  physical  characterization  tests.  Volume 
fraction  fibers  ranged  from  0.685  to  0.70.  Void  fraction 
varied  from  0.011  to  0.024. 

One  comment  about  void  fraction  analysis  is  necessary 
at  this  point.  The  technique  used  in  this  program  was 
digestion  with  concentrated  nitric  acid.  Because  this 
technique  requires  extremely  accurate  measurements  of  the 
densities  of  the  fiber  and  the  matrix,  it  is  not  uncommon 
to  see  negative  void  contents  or  zero  void  contents 
reported.  Since  it  was  felt  that  a negative  void  count 


has  no  physical  significance,  the  density  of  the  fiber 
and  of  the  matrix  were  chosen  within  the  manufacturers' 
specified  tolerances  so  as  to  maximize  the  measured 
volume  fraction  voids.  This  explains  the  relatively  high 
values  of  the  volume  fraction  voids  reported. 

The  ultrasonic  inspection  provided  a convenient  check 
on  the  uniformity  of  the  laminates.  Of  the  thirteen 
plates  fabricated,  nine  were  uniformally  free  of  defects, 
three  had  minor  scattered  defects,  and  one  contained  large 
areas  of  defects.  Samples  from  areas  containing  defects 
and  samples  from  areas  free  of  defects  were  analyzed  for 
void  content.  The  results  are  shown  in  Table  3.  All 
areas  with  a void  fraction  greater  than  0.0151  showed  as 
defects  in  the  ultrasonic  examination.  Areas  where  the 
void  fraction  was  evaluated  to  be  less  than  or  equal  to 
0.0151  showed  as  defect-free  in  the  ultrasonic  test. 

This  "quantitative"  relationship  between  void  content  and 
ultrasonic  response  is  being  investigated  further. 

The  mechanical  response  of  each  laminate  was  also 
evaluated.  Test  specimens  10  cm  x 1.25  cm  x 0.2  cm 
were  machined  such  that  the  included  angle  2e  between 
fiber  orientations  ranged  from  30°  to  150°  (see  Figure  2). 
All  test  were  performed  in  tension  at  an  extension  rate 
of  0.125  cm/min  with  the  loading  direction  bisecting 
the  included  angle.  Strain  measurements  were  made  parallel 
and  perpendicular  to  the  loading  direction.  From  these 
experiments,  tensile  strength, a,  (Figure  3)  tensile 
modulus,  E..,  (Figure  4)  and  Poisson's  ratio,  v,„ , 

(Figure  5)Iwere  evaluated  as  a function  of  angle!  This 
information  was  supplied  to  the  Design  Optimization  Task 
as  input  data  to  the  design  computer  code.  The  data  was 
also  used  to  evaluate  the  quality  of  the  fabrication  cycle. 
The  small  degree  of  scatter  in  both  tensile  strength  and 
tensile  modulus  indicates  the  relative  uniformity  of  the 
test  specimens.  The  specimen  uniformity  is  further 
demonstrated  by  the  results  reported  by  the  Design 
Optimization  Task  in  the  next  section  of  this  report. 

An  aspect  of  quality  control  sometimes  overlooked 
on  laminate  systems  is  the  fiber  angle.  In  Figures  3,  4, 
and  5 the  large  angular  dependency  of  the  mechanical 
response  of  an  angle  ply  laminate  is  shown.  In  order  to 
fabricate  test  specimens  with  known  fiber  angle,  it  is 
necessary  to  develop  not  only  a uniform  lay-up  technique 
but  also  a controlled  specimen  machining  technique. 

The  methodology  to  reproducibly  lay-up  specimens  of 
known  fiber  angle  is  not  new:  it  requires  attention  to 
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detail  and  skillful  operators.  However,  this  job  can  be 
simplified  by  "kitting"  the  laminates  prior  to  lay-up. 

In  the  kitting  operation  the  12  in. -wide  unidirectional 
strips  of  prepreg  were  assembled  into  a pattern  from 
which  a 100  in.  by  100  in.  square  was  cut.  The  angle  which 
the  side  of  the  square  made  with  the  fiber  in  the  prepreg 
was  set  to  e . After  the  square  was  cut,  it  could  be 
divided  into  16  individual  25  cm  x 25  cm  square  lamina, 
each  with  fibers  running  in  the  0 direction.  It  was  then 
a simple  task  to  match  the  square  corners  of  the  individual 
lamina  in  assembling  a + 0 laminate.  Results  of  the 
kitting  operation  for  the  Narmco  5208/T300  laminate  show 
that  the  included  angle,  20  , could  be  held  reproducible 
to  + 0.5  degrees. 

Exact  geometric  control  of  the  machining  of  the  test 
coupons  prior  to  testing  is  also  important.  Unless  the 
samples  are  cut  so  that  the  loading  direction  and  the 
bisector  of  the  included  angle  are  identical,  the  test  is 
not  valid.  Fortunately,  there  are  checks  to  see  that 
the  tests  specimens  have  been  aligned  properly.  If  one 
measures  E,2,  (the  stress  in  the  loading  direction  divided 
by  the  strain  perpendicular  to  the  loading  direction)  as  a 
function  of  included  angle,  from  symmetry  considerations: 

E12  (20)  = E12  (180-20  ) = E21  (20) 

Figure  6 depicts  the  results  of  such  an  experiment  for 
the  5208/T300  laminates  fabricated  in  this  task.  Likewise, 
if  one  measures  Poisson's  ratio  as  a function  of  included 
angle,  lamination  theory  states  that: 

^2  (20)  _ v12  (180-29)  _ v 21  (20) 

El2  (20)  En  (180-20)  E22  (26) 

where  v^2  (20)  = Major  Poisson's  ratio 

V11  (^0)  = Tensile  Modulus  in  the  loading  direction 
v22  (20)  = Transverse  Tensile  Modulus 
V21  (^0)  = Transverse  Poisson's  ratio 
20  = Included  Angle 

Figure  7 shows  the  results  for  the  5208/T300  laminates 
tested.  The  geometric  uniformity  of  the  specimen  is 
again  apparent . 


C-10  Polyphthalocyanine/Thornel  300  (24  x 26  Fabric) 

Establishing  the  fabrication  cycle  of  a new  matrix 
material,  such  as  the  C-10  polyphthalocyanine , requires 
more  information  than  just  the  resin  cure  kinetics.  The 
type  and  content  of  impurities,  the  resin  compatibility 
with  reinforcing  fibers,  the  method  by  which  it  is 
preimpregnated,  and  the  prepreg  flow  characteristics  are 
all  necessary  to  the  development  of  a reasonable  cycle. 

In  the  past  year,  emphasis  has  been  placed  on  developing 
a tentative  cure  cycle  for  the  C-10  system  from  limited 
information  on  the  above  parameters.  The  amount  of 
information  available  has  been  restricted  because  of 
lack  of  sufficient  quantities  of  C-10  resin. 

The  cure  kinetics  of  the  C-10  resin  still  have  not 
been  quantitatively  defined.  The  pure  resin  melts 
sharply  to  a low  viscosity  liquid  at  185°C , but  at  this 
temperature  the  polymerization  reaction  proceeds  extremely 
slowly.  At  220°C  the  reaction  proceeds  at  a faster,  more 
practical  rate.  If  the  resin  is  "staged"  at  220°C  for 
45  minutes  under  vacuum,  the  melting  point  can  be  reduced 
to  90°C.  Some  viscosity  increase  is  associated  with  this 
operation  but  the  material  remains  sufficiently  fluid  for 
proper  hot-melt  impregnation.  This  "staging",  if 
continued  too  long,  can  increase  the  viscosity  past  the 
point  at  which  hot-melt  prepreging  is  possible. 

Fibers  and  fabrics  were  impregnated  by  hot-melt 
processing.  The  reinforcements  were  heated  to  200°C 
before  applying  a measured  amount  of  the  B-staged  resin. 
Having  the  fibers  hot,  promoted  uniform  impregnation  and 
limited  the  time  for  reaction  to  take  place  during  the 
impregnation  process. 

Cure  of  C-10  matrix  graphite-fabric  laminates  was 
achieved  using  a short  press  cycle  in  conjunction  with 
a post  cure  (Table  4).  The  cycle  consists  of  1 hour  at 
200°C  under  vacuum  plus  1 hour  at  200°C  under  100  psi 
pressure  followed  by  1 hour  at  260°C  under  100  psi  pressure. 
When  processing  a tape  system,  pressures  may  be  reduced 
to  «~50  psi.  The  C-10  system  showed  good  flow  characteris- 
tics during  processing.  The  sample  was  allowed  to  cool 
below  100°C  under  pressure.  Post  cure  was  54  hours  at 
260°C.  The  post  cure  can  be  shortened  by  raising  the 
temperature,  but  this  may  require  an  inert  atmosphere 
to  prevent  thermal  oxidation. 

Preliminary  test  results  on  the  C-10  laminates  are 
shown  in  Table  5 in  comparison  with  CPI  2214,  a typical 
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addition  polyimide  based  on  Kerimid  601.  Given  the 
similar  moduli  of  the  two  systems,  the  higher  flexure 
strength  for  the  C-] 0/graphite  fabric  system  at  room 
temperature  indicates  that  this  system  has  larger 
flexure  strain-to-failure  than  the  polyimide  system. 

FUTURE  WORK 

The  immediate  goals  of  the  Composites  Fabrication 
Task  are  to  optimize  the  C-10  polyphthalocyanine  fabrica- 
tion cycle  and  to  produce  laminates  for  extensive  mechani- 
cal evaluation.  Another  important  variable  to  be  con- 
sidered is  the  degree  to  which  resin  purity  requirements 
can  be  relaxed  without  sacrifice  of  thermal  and  mechanical 
properties.  For  the  Narmco  5208/T300  system,  special 
emphasis  will  be  placed  on  prepreg  ageing  studies  (in 
conjunction  with  the  Chemical  Characterization  Task)  and  on 
elevated  temperature  mechanical  evaluation  (with  the 
Design  Optimization  Task).  The  effects  of  exposure  to 
water  and/or  water-solvent  combinations  will  also  be 
considered.  Polyimide  systems  such  as  Kerimid  601  and 
Hexcel's  F-178  will  also  be  examined  during  this  fiscal 
year. 


Table  1 


Fabrication  Cycle  for  Narmco  5208/T300  Prepreg 

1.  Place  lay-up  in  press. 

2.  Put  spacer  bars  in  place  so  that  press  may  be  closed 
without  applying  pressure  to  the  sample. 

3.  Close  press. 

4.  Apply  full  vacuum,  hold  50  minutes. 

5.  Heat  Platens  to  135°C  at  2-3°C/min. 

6.  Hold  at  135°C  for  1 hr. 

7.  Remove  spacer  bars  and  apply  100  psi  pressure  to  the 
laminate  and  release  vacuum. 

8.  Heat  to  177°C  at  3°C/min. 

9.  Hold  at  177°C  for  2 hrs. 

10.  Slow  cool  under  pressure  to<100°C. 

11.  Post  cure  for  4 hrs  at  205°C. 
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Physical  Properties  of  Narmco  5208/T300  Laminates 
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Table  4 


Tentative  Fabrication  Cycle  For 
C-10  Phthalocyanine/T300  Fabric 

1.  Place  lay-up  in  press. 

2.  Put  spacer  bars  in  place  so  that  press  may  be  closed 
without  applying  pressure  to  the  sample. 

3.  Close  press. 

4.  Apply  full  vacuum. 

5.  Heat  platens  to  205°C  at  3-5°C/min. 

6.  Hold  at  205°C  for  1 hr. 

* 

7.  Remove  spacer  bars  and  apply  100  psi  pressure 

8.  Release  vacuum. 

9.  Heat  to  260°C  at  3-5°C/min. 

10.  Hold  at  260°C  for  1 hr. 

11.  Cool  under  pressure  to  less  than  100°C. 

12.  Post  cure  for  54  hrs.  at  260°C. 

* 

Pressure  may  be  reduced  to  50  psi  for  a Thornel  300 
tape  system. 
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Fig.  4 — The  effect  of  included  angle  on  the  tensile  modulus 
of  Narmco  5208/T300  laminates  at  room  temperature 
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Fig.  7 — Check  for  si.  .1  gage  alignment  and  angular  symmetry  on  Narmco 
5208/T300  test  coupons.  For  symmetric  laminates,  v12 /En  = i'21/E22- 
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TASK  F DESIGN  OPTIMIZATION 


L.  A.  Beaubien,  P.  W.  Mast,  D.  R.  Mulville,  S.  A.  Sutton 
R.  W.  Thomas,  J.  Tirosh,  I.  Woloek 


Mechanics  of  Materials  Branch 
Ocean  Technology  Division 


INTRODUCTION 

The  applicability  of  structural  materials  is  limited  in 
many  cases  by  their  ability  to  resist  propagation  of  flaws. 
The  toughness  value  associated  with  such  a property,  widely 
documented  in  isotropic  materials,  has  not  been  obtained 
similarly  for  fibrous  reinforced  composites.  The  reasons 
are  not  merely  the  technical  difficulties  of  observing  and 
controlling  crack  extension,  but  also  that  the  modes  of 
fracture  in  a general  angle-ply  laminate  are  coupled 
(i.e.,  both  opening  and  sliding  modes  take  place  simulta- 
neously under  pure  tensile  loading,  etc.).  Neither  analyt- 
ical expressions  nor  experimental  observations  have  yet  been 
able  to  relate  the  remote  load  to  the  conventional  stress 
intensity  factors  when  the  process  of  fracture  is  more 
complex  than  just  colinear  crack  extension.  There  are 
particular  cases  in  the  fracture  of  composites  where  modes 
of  fracture  are  separated  so  that  the  linear  fracture 
mechanics  approach  is  transferable  (i.e..  Ref.  [l],  [2]), 
notably  in  unidirectional  reinforcement  [ 3 1 , [H],  but  not 
without  restrictions  [5],  [6].  By  recognizing  the  coupling 
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effect  between  the  different  modes  it  was  felt  that  a 
useful  yet  practical  start  for  obtaining  fracture  data  is  by 
conducting  studies  in  which  one  applies  simultaneously  the 
most  general  in-plane  loading:  tension,  shear  and  rotation. 
Fracture  of  composites  which  results  from  a variety  of  such 
combined  loadings  applied  to  various  cross-ply  laminates 
will  better  describe  the  situation  that  occurs  in  service. 
Therefore  the  experimental  effort  on  this  program  was 
directed  toward  producing  fracture  data  on  cross-ply 
laminates  subjected  to  different  proportions  of  the  three 
combined  loadings. 

Failure  criteria  will  be  determined  for  composites  and 
for  bonded  joints  under  a broad  range  of  in-plane  loads, 
using  resins  of  interest  to  the  program  and  being  character- 
ized in  the  other  tasks  of  this  program.  The  validity  of 
these  criteria  will  be  demonstrated  in  a laboratory  test, 
in  which  a typical  subcomponent  will  be  selected  as  well  as 
a defect  and  typical  loading  conditions.  A finite  element 
stress  analysis  will  be  conducted  to  determine  the  stresses 
around  the  defect.  The  failure  criteria  derived  will  be 
used  to  predict  the  conditions  under  which  the  defect  will 
grow.  Tests  will  then  be  conducted  and  the  failure  criteria 
modified  as  necessary  to  provide  an  accurate  predictor. 

The  data  obtained  on  various  layups  will  then  be  used  in  a 
design  optimization  procedure  with  respect  to  fracture 
toughness,  over  the  range  of  materials  and  stress  variables 
investigated.  The  results  of  the  fracture  studies  on 
composites  and  adhesives  will  be  related  to  the  resin  pro- 
perties again  within  the  range  of  variables  examined. 


Composite  Test  Procedure 


A computer  controlled  in-plane  loader  has  been  designed 
at  NRL  to  meet  this  requirement.  This  machine  was  used  to 
test  small  edge-notched  coupons  (l"  x 1.5"  x 0.1")  of 
cross-ply  laminates  of  graphite /epoxy  (T300/5208).  The 
specimen  is  clamped  by  a fixed  grip  at  one  end  and  by  a 
"floating"  grip,  free  to  displace  and  rotate  (in  a plane) 
at  the  opposite  end,  as  shown  in  Figure  1.  The  three 
degrees  of  freedom  of  this  floating  grip  are  controlled  by 
three  hydraulic  actuators  such  that  any  desired  combination 
of  shear,  tension  and  rotation  can  be  applied  via  a com- 
puterized program  which  controls  the  actuators.  Once  the 
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combined  load  is  preselected  the  test  proceeds  by  maintain- 
ing the  proportionality  between  the  three  loads  until  total 
separation  of  the  specimen  takes  place.  This  proportional 
displacement  loading  path  is  described  as  a radius  vector 
(r)  in  the  displacement  space  with  the  coordinates  dg , d^ 
and  d2  originating  at  the  crack  tip  (Fig.  2).  During  the 
displacement  controlled  loading,  the  associated  forces  (tg, 
tg)  are  recorded  versus  the  displacements  so  that  the 
changes  in  the  three  compliances  (eg  = dg/t  , c.^  = d^/t^ 
c2  = ^2/^2^  are  simultaneously  obtained  as  shown  in  Fig.  2. 
It  was  observed  that  the  three  forces  do  not  decrease  at  the 
same  instant.  When  the  composite  starts  to  fail  it  doesn't 
necessarily  decrease  all  the  compliances  simultaneously, 
and  load  carrying  capacity  may  still  be  sustained  even  if 
some  kind  of  damage  starts  to  grow.  After  a while,  as  shown 
in  Fig.  3,  the  increase  in  the  displacement  results  in 
gradual  relaxation  of  the  loads  and  substantial  damage  is 
observed.  A method  to  discriminate  the  point  at  which 
failure  initiates  is  to  follow  the  variation  in  the  total 
dissipative  energy  consumed  by  the  specimens  monitored  on- 
line by  the  computer  according  to 


A 


i = 1 -*■  shear 

i = 2 -*■  tension 

i = 3 -*■  rotation 


In  our  experiments  the  sum  of  the  three  contributions  show 
a distinct  increase  as  the  displacement  increases,  as  indi- 
cated in  Figures  2 and  1*.  Consequently  we  define  this  point 
as  fracture  initiation  and  the  fracture  data  obtained  is 
based  on  this  definition. 

• 

Presentation  of  Fr a cture  Data 


The  subject  of  this  paragraph  is  to  recast  the  fracture 
data  gathered  on  small  coupons  into  several  forms  more  con- 
ceivable by  designers.  The  computational  procedures  which 
follow  are  based  upon  the  recorded  forces  at  incipient 
fracture  ( f c , fc  , tc  2)  resulting  from  the  imposed  dis- 
placement as°expliined  previously.  The  associated  stress 
and  displacement  field  throughout  the  specimen  is  resolved 
by  a structural  analysis  program  derived  by  Beaubien  [8]. 
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The  finite  element  mesh  used  here  is  shown  in  Fig.  5. 

The  above  critical  forces  at  fracture  - fCQ»  fC]_,  fCg  - 
were  used  as  boundary  conditions. 

The  laminate  appears  to  initiate  failure  without  sub- 
stantial non-linearities  as  revealed  from  the  rather  abrupt 
increase  in  the  dissipative  energy.  Consequently  one  can 
establish  a priori  (by  a linear  stress  analysis ) the 
'influence  coefficients'  [ E ] for  each  angle-ply  laminate 
representing  the  various  stiffnesses  of  the  notched  coupons 
under  the  3 possible  loading  conditions  Ux,  Uy  and  W. 

It  reads 


E0x  E0y 


Ely  Elz 


For  simplification  and  convenience  the  generalized  forces 
{f},  acting  at  the  midcenter  of  the  edge  along  which  the 
displacements  {u}  are  prescribed,  are  transformed  to  the 
notch  tip  location  and  denoted  by  {t}  according  to 


{ f } = [Tf]  {t},  [Tf]  = 


where  c(cq,C2)  is  the  location  of  the  load  {f}  with  respect 
to  the  notch  tip.  Similarly  the  displacement  {u}  is  also 
transformed  by  [Tu]  to  the  notch  tip  coordinate  and  denoted 
there  by  {d}  as  shown  in  Fig.  1 and  Fig.  2.  The  geometrical 
relation  is 


(u>  = [Tu]{d>,  [Tu]  = 


:°j 


It  can  readily  be  shown  from  [3]  and  [1*]  that  the  trans- 
formation matrices  for  forces  and  displacements  are  con- 
nected by 

[ T„ ] -1  = (Tf]T  (5) 


Hence,  the  general  CONSTITUTIVE  EQUATION  for  the  coupon  test 
specimen  emerges  from ( 2 ) , ( 3 ) and ( U ) by  the  following 
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expression 

{d}  = [Tf]T  [E]-l  [ Tf ] { t } (6) 

The  experiments  are  continuously  monitored  by  {t}  and  {d}. 

At  present  the  displacements  {d}  are  not  measured  on  the 
specimen  but  rather  given  by  the  motion  of  the  actuator. 
Therefore  Eq.  6 serves  as  a computational  device  to  deter- 
mine the  relative  compliances  (three  independent  compli- 
ances) of  the  testing  machine  so  vitally  important  for 
precise  evaluation  of  experimental  data.  The  so  called 
'failure  surfaces'  on  the  d space  are  plotted  in  a polar 
form*  in  Fig.  6.  The  fracture  data  on  these  surfaces  com- 
pose the  tests  performed  on  30°,  1+5°  and  6o°  degrees  of 
included  angle  (with  respect  to  the  notch).  The  smooth 
curves  between  fracture  points  at  different  proportions  of 
shear,  tension  and  rotation  are  quite  obvious.  This  can 
partially  be  attributed  to  the  automated  nature  of  the  test 
procedure  as  well  as  the  high  quality  of  the  laminates  fur- 
nished by  the  Composites  Fabrication  Task. 

Data  Reduction  Methods  for  Composites 

The  goal  in  applying  fracture  mechanics  concepts  in 
composite  materials  is  to  reduce  the  numbers  of  independent 
parameters  required  to  characterize  their  fracture  pro- 
perties. The  experimental  tests  which  depend  on  three  diff- 
erent loading  conditions  convey  fracture  data  (Fig.  6)  which 
are  inherently  three-dimensional  in  nature.  In  the  follow- 
ing we  will  attempt  to  reduce  the  dimensionality  of  the 
experimental  data  in  Fig.  6 from  three  to  two  by  consider- 
ing approaches  which  have  been  used  successfully  in  the  past 
to  characterize  fracture  properties  of  isotropic  materials. 


* In  polar  form  the  variables  d^ , d^ , d1  are  related  to  the 
three  polar  coordinates  r,  ©1 , 0g  by 


r 


+ d. 


1/2 


01  " tan-1  (d1/dQ) 

02  = tan-1  [d2/(dQ2  + dj^2)1^2] 
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Crack  Opening  Displacement 


The  concept  of  'crack  opening  displacement'  is  based  on 
the  premise  that  the  displacement  associated  with  the  notch 
(or  with  the  whole  flank)  at  incipient  fracture  constitutes 
a material  property  and  therefore  can  be  used  as  a fracture 
criterion.  The  question  as  to  whether  this  holds  true  in 
composites  subjected  to  combi  ed  loading  is  considered  in 
the  light  of  our  experimental  data. 

\ 


For  this  purpose  we  define  a normalized  displacement 
vector  (Dx,  Dy)  along  N discrete  points  along  the  two  flanks 
of  the  notch  by 

I , N tt  ( r*)  m -\  N 

/ri 

As  seen  in  Eq.  7 the  displacement  of  the  flank  is  weighted 
by  the  corresponding  distance  (l//rp  to  the  tip  of  the 
notch  and  averaged  throughout  the  flanks.  Evaluation  of 
Eq.  (7)  is  repeated  for  each  mode  of  loading  (j  = 0,1,2 
corresponds  to  the  three  displacement  loadings  Ux , Uy , W, 
shown  in  Fig.  l).  As  a result  the  total  opening  displace- 
ment Dx  and  Dy  is  resolved  by  adding  the  contributions  of 
all  the  acting  loading  modes  as  expressed  by 


(8) 


where  {u}  in  Eq.  8 is  related  to  (t)  by  Eq.  (1+)  and  (6). 

The  numerical  evaluation  of  Eq.  (8)  at  each  combination  of 
loads  { t > at  incipient  fracture  is  presented  in  Fig.  7. 

The  results  do  not  demonstrate  a clear  topolopical  structure 
required  for  fracture  characterization.  Eq.  7 is  not  a well 
suited  parameter  for  data  reduction  of  angle  ply  composites 
under  combined  loading. 

Stress  Intensity  Factor 

By  assuming  that  the  notch  tip  is  sharp  and  the  com- 
posite is  homogeneous , an  analytical  near-tip  elastic  solu- 
tion [9]  is  vp.lid  and  consequently  used  to  evaluate  the 
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stress  intensity  factors  (K^  and  K2 ) at  the  critical  loads 
{f}  in  all  tested  combinations  for  the  various  cross-ply 
laminates.  It  is  the  purpose  of  this  analysis  to  determine 
whether  the  critical  stress  intensity  factors  can  charac- 
terize the  fracture  behaviors  of  our  composites. 

The  relation  connecting  the  normalized  opening  of  the 
crack  (Dx,  Dy)  to  the  stress  intensity  factors  (Kl5  K2)  in 
composites  is  coupled  and  can  be  generally  described  by  the 
following 


j 

j 

6.  1 
M 

; 


i 

1 


(9) 


The  coefficients  A,  B,  C,  E are  readily  inferred  from  the 
analytical  work  of  Sih  and  Leibowitz  [9].  They  consist  of 
the  material  elastic  properties  Aij  and  the  roots  Sn  and  S, 
of  the  characteristic  equation  as  follows 

r S1P2-S2P 


A = Im 


C = Im 


\ S1  ~ s?  J 

(*1*2  ~ S2*l\ 


V 


Si  - 


; 


B = Im 


E = Im 


(10) 


Where 
P i 


lllbl 


12 


Qi  = 


a12Si  + a22 


Po  - 


Q2  = 


allb2 

ai2s2J 


e ^ 

+ a 


12 


+ a 


22 


(11) 


The  values  of  a^ 1 used  in  the  experiments  are  tabulated 
below.  d 
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T300/5208 
included 
angle  a 

*13  [10‘ 

Tj  p s i " 1 

all 

a12 

a22 

a66 

30° 

1+8.7 

-23.1+ 

3.20 

6.1+5 

1+5° 

60.3 

-1+3.0 

2.96 

1+.71+ 

60° 

82 . 1 

-65.2 

2.60 

3.73 

TABLE  I.  Elastic  compliances  of  T300/5208  cross-ply  angles 

The  characteristic  equation,  for  the  symmetric  case  used  in 
our  tests  is , 

&11Sh  + (2alg  + a66)  s2  + = 0 ( 12 

Using  the  coefficients  a^j  from  Table  1 we  obtain  the 
following  complex  roots: 


.75  i 3.1+2  i 

. 9l+  i 2.36  i 

1.7  + .52  i -1.7  - .52  i 


TABLE  II.  The  roots  of  Eq.  (12). 

The  values  of  and  K2  are  obtained  from  the  inversion  of 
Eq.  (9)  where  (Dx,Dy)  are  evaluated  at  incipient  fracture. 
Results  are  plotted  in  Eig.  8.  The  data  is  grouped  along 
a preferred  direction  but  there  is  considerable  scatter 
so  that  stress  intensity  factor  does  not  appear  to  be  a 
satisfactory  parameter  for  data  reduction. 


The  J Integral  Vector 


The  two  components  of  the  energy  release  rate  Jx  and  Jy 
in  a form  of  path  independent  integrals,  elaborated  and 
profounded  by  Budiansky  and  Rice  [10],  are  applicable  to 
homogeneous  bodies  which  can  be  anisotropic  and  nonlinear  in 
general.  Their  values  represent  the  amount  of  the  potential 
energy  which  would  be  relaxed  when  a traction  free  crack 
would  extend  (differentially)  in  the  x and  y directions  res- 
pectively. The  integrals  to  be  evaluated  counterclockwise 
along  arbitrary  contour  f surrounding  the  notch  are  [ 10  ] : 


u is  the  strain  energy  density  ( i . e . ,J  a i j de  ^ j ) t Ti  is  the 
traction  vector  on  T (i.e.,  T^  = Oijnj)  and  ds  is  an  element 
of  the  path  T.  Jx  and  Jy  are  evaluated  numerically  by 
Eq.  (13)  at  incipient  fracture.  The  results  for  the  various 
cross-ply  laminates  in  Jx,  Jy  plane  are  shown  in  Fig.  9* 

The  data  points  align  themselves  along  straight  lines,  each 
line  for  each  cross-ply  angle.  Thus  the  distinction  between 
the  fracture  properties  of  different  cross-ply  angles  (and 
probably  between  different  composites  as  well)  is  reduced 
to  just  two  parameters  as  for  example  the  slope  of  the  line 
and  the  value  of  Jx  at  the  intersection  with  Jy  = 0 line. 
This  last  parameter  (Jx  value  at  Jy  = 0)  is  strictly  the 
critical  strain  energy  release  rate  Gjc  for  a notch  which 
extends  colinearly. 


Failure  Criteria  for  Adhesive  Joints 


Initial  fracture  studies  have  been  completed  for  adhe- 
sive joint  specimens  of  rubber-modified  epoxy  bonded  to  an 
aluminum  plate.  Specimens  were  1.5"  in  length,  1.0"  wide 
and  0.1"  thick  with  0.75"  long  x 1.0"  wide  epoxy  plates 
cast  and  cured  along  a 0.1"  x 1.0"  side  against  a similar 
aluminum  plate.  Aluminum  plates  were  milled  and  etched 
prior  to  casting  of  the  epoxy.  A notch  was  machined  along 
the  bond  line  with  a 0.050"  thick  diamond  wheel  to  a depth 
of  0.6".  A razor  blade  was  then  used  to  initiate  a small 
crack  near  the  epoxy-aluminum  interface.  Specimens  wereo 
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placed  in  the  in-plane  loading  system  previously  described, 
and  a range  of  in-plane  displacements  were  applied  to  the 
specimens.  The  failure  surface  shown  in  Fig.  11  is  based 
on  fracture  initiation  for  those  specimens  which  exhibited 
brittle  behavior  and  onset  of  significant  plastic  flow  for 
those  which  exhibited  ductile  behavior,  i.e.,  general 
yielding  of  the  resin  along  the  entire  bond  line  as  opposed 
to  localized  yielding  near  the  crack  tip.  A brittle  to 
ductile  transition  was  observed  as  the  proportion  of  shear 
loading  to  tension  loading  increased.  In  cases  of  high 
tension  loading  relative  to  shear  or  bending,  it  was  ob- 
served that  the  initial  crack  grew  away  from  the  interface 
into  the  epoxy,  whereas  for  increasing  proportion  of  shear 
loading  to  tension  loading,  failure  occurred  near  the  inter- 
face. [11],  [12]. 

FUTURE  WORK 

1.  The  fracture  characterization  of  the  T300/5208 
graphite/epoxy  cross-ply  laminates  under  a broad  range  of 
in-plane  loads  will  be  completed  at  room  temperatures. 

2.  The  validity  of  the  failure  criteria  determined  in 
predicting  defect  growth  will  be  demonstrated  in  a sub- 
component test,  using  a box  beam. 

3.  Fracture  characteristics  will  be  determined  at  room 
temperature  and  elevated  temperature  for  graphite  composites 
made  with  several  high  temperature  resins. 

1+ . The  fracture  characteristics  will  be  determined  for 
adhesive  bonded  joints  under  a broad  range  of  in-plane  loads 
and  the  validity  of  the  failure  criteria  demonstrated  in 
sub-component  tests. 
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Fig.  1 — Loading  conditions  produced  by  in-plane  loaders 
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Fig.  4 — Reproducibility  of  fracture  initiation  for 
three  different  loading  oaths 
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Fig.  8 — Stress  intensity  factor  criterion  for  Thomel  300/5208  composite 


Fracture  loci  of  Thomel  300/5208  composite  on  J-integral  plane 


